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Abstract)## In#the#wake#of#the#severe#algal#blooms#of#2011#and#2013#in#the#Great#Lakes,#international#governing#bodies#such#as#the#United#Nations,#are#advocating#for#increased#studies#on#nutrient#dynamics#within#agricultural#systems.##Understanding#farm#contributions#to#nutrient#loads#entering#the#Great#Lakes#involves#quantifying#nutrient#export#from#different#tillage#practices#common#in#the#Great#Lakes#basin,#which#include#noRtill#(NT),#conventional#till#(CT)#and#modified#tillage#(MT).##Understanding#differences#in#nutrient#export#from#different#tillage#practices#may#well#be#related#to#structural#differences#in#the#upper#portion#of#the#vadose#zone#which#impact#infiltration,#soil#moisture#and#overall#effectiveness#of#artificially#draining#cultivated#fields#by#tiles#and#exporting#nutrients#to#surface#water#bodies.#Added#to#the#importance#of#understanding#how#different#tillage#practices#impact#hydrology#and#the#efficiency#of#exporting#of#nutrients#to#surface#water#bodies#is#how#present#increased#yearRtoRyear#climatic#variability#and#future#climate/hydrological#change#will#impact#these#systems.##This#study#examines#the#hydrological#balances#within#three##~.6#ha#tiled#plots#each#with#different#(NT,#CT,#MT)#tillage#practices#but#common#soil#type,##nutrient#application,#cultivated#crop,##and#precipitation#patterns.##########
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Chapter(1((Introduction(and(Literature(Review(
!
1.1(Introduction((" Agricultural"hydrology"has"long"been"an"important"component"for"environmental"management"practices"globally,"as"well"as"an"increasing"element"of"concern"economically,"socially"and"politically.""An"enhanced"awareness"of"agricultural"hydrology"is"attributable"to"the"ability"of"precipitation"or"irrigation"source"water"to"transfer"farm;source"chemicals"and"nutrients"to"surface"and"ground"water"as"it"moves"through"these"anthropogenically;modified"systems."These"nutrients"and"chemicals"have"been"shown"to"accumulate"in"aquatic"environments"such"as"the"Laurentian"Great"Lakes"of"North"America,"amplifying"eutrophication"along"the"shorelines"especially"Lake"Erie.""In"the"wake"of"the"severe"algal"blooms"of"2011"and"2013,"which"caused"significant"environmental"and"economic"strains"on"the"lakes"and"the"region"(Michalak"et"al.,"2013),"international"governing"bodies"such"as"the"United"Nations"and"UNESCO,"are"advocating"for"a"need"to"increase"the"knowledge"base"of"nutrient"dynamics"within"anthropogenic"systems."""Historically,"there"have"been"shifts"in"management"practices"for"agricultural"systems"in"hopes"of"reducing"nutrient"loading"to"aquatic"environments."These"shifts"include"utilizing"modified"till"(MT)"and"no"till"(NT)"practices"in"place"of"conventional"tillage"(CT)"methods."The"use"of"riparian"buffer"zones"have"been"implemented"in"combination"with"shifting"traditional"tillage"methods"to"limit"nutrient"loss"from"farm"fields"and"protect"the"integrity"of"aquatic"systems.""These"measures"have"been"shown"to"aid"in"the"reduction"of"nutrient"export"from"both"urban"and"agricultural"catchments,"however,"it"is"still"noted"that"irrespective"of"tillage"practices"and"
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implementation"of"riparian"zones,"runoff"from"agricultural"areas"contributes"a"significant"amount"of"nutrients"to"surface"waters"(Carpenter"et"al.,"1998).""Precipitation"that"infiltrates"agricultural"soil"will"change"chemistry"as"it"interacts"with"the"constituents"of"soil"including"farm;source"chemicals"or"nutrients"such"as"phosphorus"or"nitrogen"that"have"been"artificially"applied"to"these"soils."""As"precipitation"is"considered"to"be"one"of"the"primary"driving"forces"for"the"hydrological"cycle,"this"project"aims"to"generate"a"greater"understanding"of"the"processes"linking"precipitation"with"farm"field"hydrology.""Understanding"this"linkage"may"assist"in"improving"our"understanding"of"how"tillage"practices"influence"farm"field"hydrology.""Quantifying"and"understanding"the"relationship"among"precipitation"and"evapotranspiration"patterns,"tillage"practice"and"drainage"efficiency"allows"us"to"understand"the"relationship"between"climate"and"farm"field"productivity."""By"doing"so,"hydrologists,"policy"makers"and"farmers"will"all"have"a"greater"understanding"of"processes"impacting"the"potential"of"agricultural"lands"to"experience"optimal"yields."!
!
1.2(Research(Objectives("There"are"several"gaps"evident"in"the"understanding"of"the"hydrology"of"agricultural"systems,"specifically"within"the"unsaturated"zone."This"thesis"will"contribute"to:"1)"the"understanding"of"unsaturated"zone"hydrology"in"these"anthropogenically"modified"systems,"and,"2)"quantify"the"
3""
relationship"among"meteorological"conditions,"tillage"practices,"vadose"zone"hydrology"and"tile"discharge."Said"relationships"will"be"examined"at"the"field"scale"under"three"different"tillage"methods:"Conventional"Till"(CT),"Modified"Till"(MT),"and"No"Till"(NT)."""More"specifically,"this"thesis"will:""i) Determine"variations"in"field"hydrology"of"three"different"tillage"practices;"no;till"(NT),"modified"till"(MT)"and"conventional"till"(CT)."These"include"the"effectiveness"of"each"field"to"respond"to"precipitation"events;"soil"moisture"across"the"soil"profile"and"the"impact"of"Antecedent"Hydrologic"Conditions"(AHCs)"on"tile"response"ii) Specifically"analyzing"the"presence"of"backpressure"within"the"tiles,"and"potential"solutions."""iii) Examine"the"hydrological"response"of"tiles"affected"by"the"various"tillage"practices"iv) Assist"hydrologists"to"understand"timing"and"quantity"of"tile"drainage."""v) Establish"a"water"balance"for"the"McIntosh"site1,"each"individual"tillage"plot,"based"off"the"varying"antecedent"conditions,"meteorological"parameters,"physical"soil"characteristics"of"each"plot"and"soil"moisture""vi) Provide"suggestions"of"appropriate"adjustments"in"agricultural"management"practices""
(
(
1.3(Literature(Review(
( The"following"section"will"identify"areas"within"the"literature"that"are"directly"related"to"the"advancement"of"understanding"the"objectives"of"this"thesis"identified"in"section"1.2.""Several"issues"that"are"identified"in"the"literature,"which"contribute"to"""""""""""""""""""""""""""""""""""""""""""""""""""""""""1"McIntosh"site"is"further"identified"in"chapter!2!–!Site!description.""In"addressing"this"specific"field"site,"we"hope"to"establish"further"methods"applicable"to"other"farming"scenarios"in"Southern"Ontario"
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our"existing"understanding"of"unsaturated"zone"hydrology,"nutrient"flow"from"agricultural"systems"and"the"impacts"of"various"tillage"methods"in"Southern"Ontario"will"be"examined."These"issues"include;"the"historical"agricultural"practices"in"the"region;"climate"variation;"hydrologic"pathways;"saturated"and"unsaturated"flow;"tile"drainage;"tillage"methods;"antecedent"hydrologic"condition;"water"budget"and"event"identification"methods."""
1.3.1(Agriculture(In(Ontario(
! Ontario"has"a"rich"history"of"being"a"valuable"producer"of"crops"for"domestic"and"foreign"consumption.""This"is"largely"due"to"the"proximity"to"export"location"hubs"via"the"Great"Lakes"as"well"as"including"more"than"half"of"the"highest"quality"(Class"1)"farm"land"in"Canada"(Government"of"Ontario,"2012)."""According"to"the"2011"census"of"agriculture"there"were"51,950"farms"in"Ontario,"making"up"nearly"one;quarter"of"all"farms"in"Canada.""While"the"total"number"of"farms"in"Ontario"has"decreased"since"2006,"down"from"57,211"to"51,950,"the"average"farm"size"has"increased"from"233"to"244"acres"(Kulasekera,"2013)"suggesting"an"increase"in"large"scale"farming"operations"away"from"smaller"farming"operations."Urbanization"is"also"seen"as"a"direct"threat"to"reducing"available"Class"A"agricultural"land"in"southern"Ontario"in"coming"years."""
1.3.1.1(Perth(County,(Ontario(" Perth"County"is"host"to"a"total"of"2,252"farms,"the"majority"of"which"are"medium"sized"farms"(53"to"161"hectares)"comprising"4.33%"of"the"total"farms"in"
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Ontario"(Agriculture"Census.,"2012).""Although"the"primary"farming"industry"in"Perth"County"is"hog"and"pig"farming,"with"a"total"of"216"farms;"corn,"soybeans"and"wheat"comprise"20.4%"($133.7"million"/"$654.1million)"of"the"total"farm"revenue"gains"of"the"county.""As"a"result"of"the"very"rich"soils"in"the"region,"and"the"importance"of"southern"Ontario"within"the"Canadian"agricultural"system,"there"is"a"need"to"study"the"impacts"of"various"tillage"methods"and"associated"responses"to"varying"climatic"conditions.""Due"to"the"increasing"variability"of"year;to;year"climate,"this"only"increases"the"importance"of"understanding"the"implications"of"these"extremes"to"overall"agricultural"productivity."By"studying"in"this"region,"we"are"able"to"better"understand"the"impacts"the"shifting"climatic"variability"will"have"on"these"prime"agricultural"lands."
!
1.3.2(Hydrologic(Cycle"" The"hydrologic"cycle"describes"the"movement"of"water"on"a"global"scale,"the"various"forms"it"takes"and"the"general"flow"of"energy"between"systems."""Water"will"take"three"different"forms"at"various"stages"of"the"hydrologic"cycle,"shifting"from"liquid"(rain,"rivers,"lakes,"oceans),"solids"(ice),"and"gas"(water"vapour).""As"water"moves"around"the"globe,"and"even"on"a"smaller"scale"within"a"specific"basin,"there"will"be"many"interactions"with"vegetation"and"other"meteorological"and"geological"conditions"affecting"its"movement."Within"the"hydrologic"cycle,"precipitation"can"be"described"as"the"driving"force"behind"surface"water"conditions"as"well"as"the"storage"and"movement"of"water"in"the"upper"layers"of"soil.""Precipitation"and"infiltration"rates"are"largely"determined"by"surface"topology,"vegetation,"precipitation"intensity"
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and"duration.""Because"of"this,"globally,"precipitation"patterns"show"significant"deviations"from"the"general"latitudinal"distributions"(Dingman.,"1994).""Understanding"local"patterns"and"driving"forces"behind"precipitation"are"integral"for"accuracy"of"studies."When"the"precipitation"begins"to"infiltrate"into"the"surface"layers"it"can"move"as"interflow"within"the"unsaturated"zone,"or"migrate"deeper"into"the"saturated"and"ground"water"zones"where"it"can"stay"for"a"very"long"time"depending"on"local"geology."If,"however,"the"precipitation"does"not"infiltrate"the"surface"layers"due"to"cementing"of"the"soil,"impervious"layers,"frost"or"any"other"factor"restricting"flow"precipitation"will"move"as"overland"flow."""Overland"flow"moves"the"fallen"precipitation"at"a"potentially"greater"rate"than"if"the"water"were"to"infiltrate.""If"the"water"moves"as"overland"flow"it"will"likely"be"collected"in"storm"collection"areas,"such"as"lakes,"rivers"or"streams"or"reservoirs."Specifically"for"
agricultural"purposes"the"retention"of"any"excess"runoff"in"these"storm"collection"Figure"1:"Hydrologic"cycle";"courtesy"Environment"Canada""2013:"(http://www.ec.gc.ca/eau;water/default.asp?lang=En&n=23CEC266;1)"
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areas"could"be"of"great"use"during"periods"of"drought"where"water"for"irrigation"may"be"scarce.""Evaporation"of"water"from"surface"sources"as"well"as"evapotranspiration"from"crops"and"other"plants"comprises"a"complex"component"of"the"hydrologic"cycle,"which"re;distributes"the"precipitation,"water"stored"in"soils"and"some"groundwater"back"to"the"atmosphere."""The"fluctuating"climate"and"future"climate"forecast"scenarios"suggesting"an"increase"in"the"intensity"of"events,"and"further"variability"within"the"timing"of"these"events"especially"during"the"summer"months"will"alter"the"hydrologic"cycle"from"historical"patterns"in"this"region."""
(
1.3.3."Nutrient(runoff(
(A"primary"concern"regarding"agricultural"lands"and"the"impacts"that"these"lands"have"on"natural"environments"is"the"runoff"of"applied"fertilizers,"herbicides"and"pesticides"that"aid"crop"development."The"nutrients"exported"from"agricultural"systems"are"a"function"of"the"available"pool"of"nutrients"in"the"soils,"and"the"associated"hydrologic"conditions"that"will"ultimately"transport"these"nutrients"to"surface"waters"(Cirmo"&"McDonnell,"1997;"McDowell"et"al.,"2001).""Much"progress"has"been"made"in"recent"years"to"develop"an"understanding"of"the"complex"processes"which"govern"the"movement"of"these"nutrients"from"field"to"water"systems."However"there"remain"gaps"within"this"understanding,"including"the"effects"of"antecedent"hydrologic"conditions"and"the"impacts"of"drainage"tiles."""While"the"focus"of"this"project"is"the"hydrologic"patterns"and"change"which"ultimately"contribute"significantly"to"nutrient"runoff,"further"analysis"regarding"the"specific"
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impacts"of"nutrients"from"the"study"site"are"explored"in"greater"detail"by"the"thesis"completed"by"Gilian"Opolko"(in$progress)."
(
1.3.4(Nonpoint(Pollution(&(Eutrophication(" Agricultural"practices"again"were"brought"to"the"forefront"of"environmental"debate"with"the"development"of"herbicides,"pesticides"and"other"farming"nutrients."""While"these"herbicides,"pesticides"and"general"fertilizers"are"produced"to"aid"in"increasing"farming"yields,"their"environmental"impacts,"and"associated"best"management"practices"were"not"yet"fully"understood"upon"their"implementation"of"use."Recently,"non;apatite"inorganic"P"(NAIP)"has"been"shown"to"be"strongly"related"to"lacustrine"productivity."In"the"late"1940’s"and"1950’s,"peaking"in"the"1960’s"and"1970’s"there"was"a"large"correlation"relating"NAIP"loading"in"water"systems"in"the"lake"to"eutrophication"(Schelske"&"Hodell.,"1995)."""Excess"phosphorous"from"point"and"nonpoint"sources"produced"algal"blooms,"poor"water"clarity,"and"extensive"hypoxic"areas"(Dolan.,"1993).""It"is"believed"that"the"more"recent"algal"blooms"(2008"and"2011),"toxic"or"nontoxic,"are"related"to"increases"in"agricultural"nonpoint"sources"of"bioavailable"phosphorus"(Strickland"et"al.,"2010;"Michalak"et"al.,"2013),"the"presence"of"invasive"mussel"species"(Bierman"et"al.,"2005;"Vanderploeg"et"al.,"2001,"2002)"and"internal"phosphorus"loading"to"Lake"Erie’s"central"basin"that"increases"in"response"to"hypoxic"conditions"(Edwards"et"al.,"2005)."""The"cause"of"the"algae"bloom"in"Lake"Erie"2011"was"a"confluence"of"several"factors,"including"long;term"trends"in"agricultural"nutrient"management,"extreme"meteorological"events"and"tillage"methods"(Michalak"et"al.,"2013).""It"is"perceived"that"without"shifts"in"
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nutrient"management"practices"events"such"as"the"2011"bloom"are"likely"to"continue"occurring.""Long"term"agricultural"land"use"practices,"including"a"shift"in"tillage"practices"in"the"late"1970s"towards"no;till"methods"is"one"link"that"was"believed"to"have"caused"the"largest"algae"bloom"in"Lake"Erie"in"2011"(Michalak"et"al.,"2013).""Recent"developments"in"monitoring"systems"around"the"Great"Lakes"Basin"have"allowed"for"creation"of"detailed"datasets"for"nonpoint"pollution.""The"Great"Lakes"Environmental"Assessment"and"Mapping"Project"(GLEAM)"have"developed"stressor"maps"at"a"1km2"resolution"to"identify"areas"of"aquatic"health"concern,"including"Nitrogen"and"Phosphorous"loading."The"study"utilized"a"dataset"of"1994;2008"and"averaged"tributary"nitrate"loads.""The"nitrogen"loads"were"propagated"spatially"from"river"mouths"based"on"the"assumption"that"nutrient"declines"to"10%"of"its"initial"level"at"15"km"and"to"1%"at"30"km."Propagated"nitrate"was"then"combined"with"atmospheric"deposition"over"the"lake"surface"(Allan"et"al.,"2012).""Phosphorus"was"represented"by"total"phosphorus"(TP)"only"and"included"tributary"and"atmospheric"inputs."""Phosphorus"loading"has"been"directly"linked"to"harmful"algal"blooms;"specifically"those"that"occurred"recently"in"Lake"Erie"are"of"concern."""
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(
(
1.3.5(Climate(Variation("" Climatic"variation,"and"shifts"in"traditional"weather"patterns"are"a"concern"for"anyone"depending"on"water"availability"for"economic"production.""As"farming"greatly"depends"on"the"availability"of"water,"be"that"from"precipitation,"ground"water"or"reservoir"storage"via"irrigation,"they"have"the"potential"to"be"greatly"impacted"by"shifts"in"global"water"availability."""Environment"Canada"has"issued"reports"based"on"several"climate"projection"scenarios"(high,"medium"and"low"emissions)"that"showed"the"shift"in"temperature"range"is"expected"to"be"from"2.3°C"to"3°C"in"the"south"of"the"province,"and"3.2°C"to"4°C"in"the"far"north"of"Ontario"(Environment"Canada,"2009)."""In"the"far"north,"potential"for"the"lack"of"seasonal"ice"
Figure"2:""Lake"Erie"2011"Algal"bloom"(green"swirls)"evident"from"space";"Image"courtesy"NASA"2011"
Lake Erie 
Lake 
Huron 
Study(site(
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coverage"on"Hudson"and"James"Bay,"melting"of"permafrost"along"the"coast,"and"the"loss"of"methane"and"carbon"dioxide"from"peat;rich"systems"in"the"subarctic"will"have"severe"implications"for"increasing"global"climate"warming"(IPCC,"2008).""Included"with"the"increase"in"potential"seasonal"temperatures,"especially"winter,"is"the"associated"increase"in"precipitation"coupled"with"a"warming"atmosphere.""While"the"south"of"a"line"extending"eastward"from"Georgian"Bay"is"not"expected"to"see"a"large"increase"in"total"precipitation,"the"north"is"expected"to"see"a"5;15%"increase"by"2050"when"compared"with"1961;1990"under"a"moderate"green"house"gas"emissions"trend"(Environment"Canada,"2009).""""Despite"this"forecast,"southern"Ontario"is"likely"to"see"a"seasonal"increase"in"precipitation"during"the"winter"(Environment"Canada,"2009)."It"has"been"anticipated"there"is"likely"to"be"a"shift"to"having"a"greater"proportion"of"precipitation"falling"as"rain"rather"than"snow"in"the"region"as"temperatures"are"also"expected"to"increase"(Environment"Canada,"2009)."This"shift"in"winter"temperatures"will"likely"cause"an"increase"in"thaw"events"thereby"reducing"the"normally"large"pulse"events"during"major"thaws"that"marks"near"the"beginning"of"spring.""These"fluctuations"in"temperature"are"likely"to"have"great"implications"for"agricultural"soils.""Increased"freeze;thaw"periods"cause"swelling,"fracturing"and"potential"ice"lenses"within"the"soil"profile.""These"all"have"the"potential"to"restrict"water"movement"to"the"water"table"during"thaw"events"and"can"cause"an"increase"in"overland"flow,"as"well"as"an"increase"sediment"transport"from"the"surface"layers"to"surface"waters."""Over"time,"the"increased"weathering"on"the"soils"can"change"the"physical"properties"significantly"enough"that"traditional"local"knowledge"on"best"management"practices"may"not"apply."
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Of"particular"concern"for"agricultural"practices"is"the"projected"summer"precipitation"change,"which"is"expected"to"see"a"very"small"increase"across"southern"Ontario."""The"combination"of"forecasts"of"increased"evaporation"and"little"change"in"precipitation"creates"a"caveat"for"prolonged"dry"periods"with"low"soil"moisture,"and"low"run"off"conditions.""An"increase"in"global"temperature"leads"to"an"increase"in"the"moisture;holding"capacity"of"the"atmosphere"at"a"rate"of"approximately"7%"per"1°C"(Trenberth,"2011)."This"increase"amount"of"available"water"vapour"in"the"atmosphere"ultimately"leads"to"a"more"vigorous"hydrological"cycle"(Nearing"et"al.,"2005),"promoting"a"trend"towards"more"intense"precipitation"events"(Trenberth"et"al.,"2003).""""There"are,"however,"discrepancies"amongst"current"climate"models.""The"Canadian"model"has"projected"summer"precipitation"decreases"of"up"to"15%"in"the"southern"part"of"the"Great"Lakes"Basin,"areas"that"are"critical"for"agricultural"production"in"the"province."""The"discrepancies"in"this"region"are"largely"due"to"the"influence"of"evaporation"from"the"Great"Lakes"themselves"often"resulting"in"lake"effect"rain"and"snow"(Environment"Canada,"2009).""It"is"to"be"noted"that"the"Great"Lakes"are"not"factored"into"global"models"(Environment"Canada,"2009);"therefore,"future"research"into"local"scale"modeling"can"help"clarify"the"complex"local"effects"that"may"have"a"greater"impact"than"have"been"perceived."""Assessing"impacts"from"the"use"of"global"climate"models"(GCMs)"are"fundamentally"restricted"in"their"ability"to"provide"detailed"climate"impact"assessments"owing"to"their"coarse"resolution"(typically"50,000km2)"and"inability"to"resolve"important"sub;grid"features"such"as"clouds"and"topography"(Wilby"et"al.,"
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2002)."Although"the"models"are"providing"general"indication"of"potential"future"climate"scenarios"and"aiding"in"the"identification"of"prospective"areas"of"concern"under"various"warming"scenarios,"the"coarse"resolution"of"climate"models"needs"to"be"refined"to"provide"a"more"detailed"description"of"how"individual"regions"will"respond"to"predictions."" Extreme"events"such"as"droughts,"heat"waves,"severe"rainstorms"and"tornadoes"will"likely"be"an"inevitable"result"of"increased"warming"(IPCC,"2008;"Environment"Canada"2009).""These"extreme"events"have"the"potential"to"cause"damage"to"crops,"thereby"reducing"yields"unless"management"practices"are"altered"to"better"suit"these"shifts.""One"of"the"large"impacts"expected"is"the"change"in"erosive"power"of"rainfall"(Favis"Mortlock"and"Savabi,"1996;"Williams"et"al.,"1996;"Favis;Mortlock"and"Guerra,"1999;"Nearing,"2001;"Pruski"and"Nearing,"2002;"Soil"and"Water"Conservation"Society,"2003).""By"maintaining"tillage"methods"on"agricultural"fields"as"conventional"till"(CT),"there"is"a"greater"possibility"for"erosion"due"to"lack"of"crop"residue"that"can"be"found"on"no;till"(NT)"fields,"which"can"act"as"a"damper"from"intense"rainfall"events"during"early"crop"stages.""Historically,"there"are"impact"records"of"severe"drought"conditions"on"the"agricultural"sector"in"Canada."According"to"Agriculture"and"Agri;Food"Canada,"the"2001;2002"drought"years"are"largely"considered"to"be"the"worst"amongst"farmers"in"recent"Canadian"history"(Agriculture"and"Agri;Food"Canada,"2005)"and"the"drought"of"the"1930s"to"be"the"most"severe"on"record.""The"1930s"historic"drought"hit"southern"Ontario"very"hard"particularly"in"1936"where"mid"July"temperatures"were"above"40°C"at"different"locations"on"several"occasions."This"caused"a"reduction"in"
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agricultural"productivity"by"25%"and"many"crops"completely"failed"(Klassen.,"2000)."During"the"2001;2002"drought,"the"agricultural"sector"saw"a"drop"in"production"of"an"estimated"$3.6"billion;"the"loss"of"more"than"41,000"jobs;"and"a"reduction"of"the"availability"of"feed"and"water"resulting"in"additional"strains"on"crops"and"livestock"as"there"was"minimal"feed"and"water"available"(Agriculture"and"Agri;Food"Canada,"2005)."""In"addition"to"many"of"these"stresses"placed"on"the"agricultural"industry,"the"dry"conditions"in"southern"Ontario"resulted"in"requests"to"reduce"water"consumption.""The"Great"Lakes"water"levels"also"were"seen"to"plunge"to"their"lowest"levels"in"more"than"30"years,"causing"increased"stress"on"aquatic"life,"transportation"of"goods"and"caused"more"concern"for"water"management"across"the"province.""While"climate"projections"are"identifying"further"water"stressors"due"to"increased"evaporation"from"open"water"and"a"longer"ice;free"season,"the"impact"on"agricultural"systems"could"see"greater"occurrences"of"similar"events"to"the"2001;2002"drought."" In"2007,"Natural"Resources"Canada"produced"a"report"that"as"been"used"by"the"agricultural"sector"to"develop"much"of"the"adaptation"to"climate"change"and"further"projections.""In"doing"so,"one"of"the"main"concerns"is"water"shortage"due"to"the"projected"increase"in"population"growth"and"demand"for"agricultural"products.""These"shortages"are"expected"to"be"exasperated"in"regions"expected"to"experience"high"population"growth"such"as;"Durham"County;"Waterloo"and"Wellington"counties"and"the"shoreline"of"southern"Georgian"Bay.""Water"resources"for"irrigation"purposes"will"therefore"experience"further"strain,"as"these"growing"populations"will"consume"a"greater"volume"of"water."
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In"addition,"growing"season"water"deficits"are"expected"to"double"in"some"parts"of"southwestern"Ontario"by"the"latter"half"of"this"century"(Sanderson"and"Smith,"1990),"which"may"make"major"field"crops"such"as"corn,"soybean"and"wheat,"uneconomic"without"some"form"of"irrigation"(Viau"&"Mitic,"1992;"Bryant"et"al.,"2000).""Examples"of"this"can"already"be"found"in"the"Essex"county"region"of"southwestern"Ontario,"where"irrigation"trials"showed"that"corn"and"soybean"yields"in"2001"and"2002"were"<50%"of"their"potential"as"a"result"of"large"water"deficits"(210"mm"in"2001,"270"mm"in"2002)"during"the"growing"season"(Tan,"Drury,"Gaynor,"Welacky,"&"Reynolds,"2002).""Agricultural"practices"will"need"to"evolve"rapidly"to"accommodate"and"mitigate"the"increasingly"negative"effects"of"crop"water"deficits.""
1.3.6(Hydrologic(pathways(" Hydrologic"pathways"are"primarily"conduits"for"the"movement"of"water,"and"the"transportation"of"nutrients"within"soils"to"ground"or"surface"water"systems.""Vadose"zone"pathways"are"important"to"consider"when"analyzing"agriculture"runoff,"which"can"be"produced"from"overland"flow"from"intense"precipitation"events,"or"instances"of"high"antecedent"soil"moisture"where"the"soil"is"at"or"near"field"capacity"as"runoff"can"occur"during"irrigation"as"well"as"during"rain"or"snowmelt"events.""These"various"inputs"can"either"pass"over"the"soil"surface"as"overland"flow"if"the"event"is"intense"enough,"or"may"begin"infiltration"through"the"soil"horizons"and"eventually"be"allocated"as"subsurface"flow.""As"noted"through"the"hydrologic"cycle,"water"will"then"go"through"various"stages"and"eventually"be"returned"to"the"atmosphere"through"evapotranspiration.""
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Hortonian"Overland"Flow"(HOF)"occurs"over"dry"or"saturated"soils"when"the"rainfall"rate"exceeds"the"available"rate"of"infiltration.""In"southern"Ontario,"this"rarely"occurs"during"the"summer"months"as"evapotranspiration,"generally"high"temperatures"and"intense,"yet"short;lived"precipitation"events"occur.""HOF"can"also"occur"during"the"winter"months"where"the"soil"may"be"frozen.""Saturation"Overland"Flow"(SOF),"similarly"to"HOF,"occurs"when"basin"soils"are"already"saturated"prior"to"rainfall"and"therefore"the"storage"capacity"of"the"soil"is"exceeded"(Hewlett"and"Hibbert,"1967).""The"infiltration"capacity"of"soil"is"continually"exceeded"by"rainfall"inputs,"resulting"in"a"rising"water"table"intersecting"the"ground"surface"and"runoff"is"immediately"produced.""
(
1.3.7(Groundwater(flow("
( 1.3.7.1(Saturated(Flow(Darcy’s"Law"governs"large"majority"of"the"movement"of"water"within"saturated"porous"media:""
q = QA = −kHS
dh
dx " Equation"1.1"Darcy’s"equation"" where"q"(m"s;1)"is"the"specific"discharge,"Q"is"the"volume"rate"of"flow"(m3"s;1),"and"A"is"the"area"of"porous"medium"at"right"angles"to"the"x"direction"(m2);"kHS"is"the"saturated"hydraulic"conductivity"of"the"medium"(m"s;1)"in"the"x"direction,"and"h"is"the"total"hydraulic"head"of"the"fluid"(Dingman,"2002)."""This"applies"only"to"flows"where"velocities"are"low"enough"that"inertial"forces"are"negligible.""Saturated"hydraulic"conductivities"in"porous"media"are"low"(Dingman,"2002).""
$
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1.3.7.2(Unsaturated(Flow(""Because"much"of"the"analysis"within"an"agricultural"system"is"focused"on"the"soil"above"the"water"table,"unsaturated"or"vadose"flow"needs"to"be"considered.""The"concepts"of"Darcy’s"law"still"apply"to"the"movement"of"water"above"the"water"table;"however,"various"factors"within"this"zone"create"complications"to"analysis.""Movement"of"water"within"the"unsaturated"zone"is"driven"largely"by"the"potential"gradient,"which"means,"that"flow"takes"place"from"high"to"low"potential.""The"pressure"at"the"water"table,"and"that"above"the"water"table"allow"for"the"movement"of"water"between"the"two.""Pressures"below"atmospheric,"known"as"tension"or"suction"results"from"the"capillary"forces"that"bind"water"to"solids"by"adhesion"and"cohesion.""Therefore,"the"lower"the"moisture"content"of"the"soil,"the"higher"the"suction."""It"is"generally"accepted"that"under"unsaturated"conditions"the"rate"of"infiltration"can"equal"the"rainfall"rate"during"the"early"phase"of"the"event,"but"will"decrease"and"asymptotically"approach"some"lower"but"constant"rate.""The"movement"of"water"further"after"a"precipitation"event"will"move"from"moist"zones,"to"drier"zones.""This"however"will"reduce"with"time"due"to"the"diminishing"suction"gradients.""This"movement"goes"further"to"explain"the"initial"rapid"movement"of"water"from"the"upper"horizons,"as"it"becomes"saturated"during"an"event"will"move"to"drier"zones.""This"heterogeneous"wetting"up"of"the"soil"is"due"to"surface"irregularities"resulting"in"preferential"infiltration"distribution."Transport"of"precipitation"or"irrigation"source"water"to"the"groundwater"is"aided"by"the"presence"of"wormholes"or"preferential"flow"pathways.""
18""
A"further"complication"with"flow"in"the"unsaturated"zone"is"presented"when"examining"hydraulic"conductivity"(k),"as"it"is"strongly"dependent,"in"a"nonlinear"fashion"upon"the"moisture"content"of"the"soil."""The"alterations"of"Darcy’s"law"applied"to"the"unsaturated"zone"thereby"are"a"function"of"the"moisture"content"within"the"soil."""It"has"been"noted"in"literature"that"as"the"pressure"(suction)"head"is"also"a"function"of"moisture"content,"the"hydraulic"conductivity"for"unsaturated"flow"can"also"be"depicted"as"a"function"of"matrix"suction"(Hillel,"1971):"
q = −K(ψ)gradH "
equation"1.2"where"ψ"is"the"matrix"suction,"taken"as"negative"and""H"may"contain"both"suction"and"gravitational"components"or""
q = −K(θ )gradH " equation"1.3""where"θ"indicates"moisture"content,"or"the"volume"of"water"divided"by"the"total"volume,"expressed"as"a"percentage.""" Through"the"study"of"larger"channels"present"in"certain"systems"(root"channels"and"worm"holes,"surface"connected),"it"was"shown"that"these"systems"only"conducted"water"during"rainfall"events"where"the"infiltration"rate"though"the"soil"matrix"is"less"than"the"precipitation"rate"at"the"surface"(Heppell,"Worrall,"Burt,"&"Williams,"2002;"McDonald,"1998)."
(
(
1.3.8(Macropores(
(Macropores"have"presented"hydrologists"with"the"issue"of"quantifying"these"conduits"of"water"that"can"penetrate"from"the"surface"to"depth,"complicating"understanding"of"the"unsaturated"or"vadose"zone"hydrology.""Flow"may"not"always"
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follow"Darcy’s"Law"and"instead"can"be"found"to"pass"rapidly"through"the"soil"profiles"by"preferential"flow"pathways"or"macropores."""The"formation"of"preferential"flow"paths"may"be"a"result"of"animal"activity"within"the"fields"by"earthworms"or"burrowing"animals,"for"example.""Also,"formation"can"be"caused"by"old"plant"roots,"or"by"soil"cracking"due"to"the"freezing"and"thawing,"or"through"the"drying"and"wetting"process."""""The"soil"type"at"McIntosh"farm"having"a"large"clay"fraction"this"lends"itself"particularly"to"preferential"flow"due"to"the"presence"of"shrinkage"cracks"and,"or"biopores"(Beven"&"Germann,"1982;"Hillel,"1998).""The"presence"of"macropores"within"the"soil"usually"makes"up"a"small"overall"element"of"the"soils’"total"porosity.""However,"the"presence"of"macropores"can"also"allow"infiltrating"water"to"bypass"the"normal"soil"matrix"and"quickly"reach"certain"depth,"which"has"a"disproportionate"effect"on"the"soils"infiltration"properties"(Buttle,"Lister,"&"Hill,"2001)."""This"can"greatly"distort"nutrient"transport"and"also"contribute"to"large"pre;event"water"contributions"to"storm"flow"(McDonnell,"1990;"Peters,"Buttle,"Taylor,"&"LaZerte,"1995).""For"these"reasons"the"presence"of"macropores"must"be"considered"in"the"understanding"of"the"hydrological"processes"of"an"agricultural"system."""It"has"been"noted"that"under"various"tillage"methods,"soil"macroporosity"will"change.""The"tendency"for"greater"macroporosity"under"No"Till"(NT)"relative"to"Conventional"Till"(CT),"probably"reflects"a"generally"greater"number"of"cracks,"root"channels,"and"wormholes"in"NT"due"to"lack"of"soil"disturbance"(Reynolds,"Bowman,"Drury,"Tan,"&"Lu,"2002)."This"inclusion"of"macroporosity"into"the"analysis"of"soils,"particularly"fine"grained"soils"such"as"clay"loams,"are"often"considered"essential"for"
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adequate"infiltration,"drainage"and"aeration"in"an"otherwise"“tight”"crop"root"zone"(Sutton,"1991;"Ehlers"et"al.,"1983;"Brady"1974,"p55)."In"fine"textured"soils"with"poor"structure,"existing"macropore"networks"such"as"cracks,"worm"holes"and"abandoned"root"channels,"are"often"followed"by"crop"roots"to"obtain"better"access"to"water"and"nutrients"stored"within"the"soil"matrix"(Wallace,"1998;"Bennie,"1996;"Sutton,"1991;"Scott"et"al.,"1988;"Ehlers"et"al.,"1983).""
1.3.9(Agriculture(Tiles(&(Tile(Drainage(" Tile"drainage"is"a"significant"contributor"in"enhancing"agricultural"lands"crop"production."Noting"a"trend"of"intensification"of"farming"techniques"to"meet"increased"demand,"Ontario"now"accounts"for"more"than"25%"of"all"agricultural"production"in"Canada."Between"2006"and"2011"a"9.2%"decrease"in"the"total"number"of"farms"within"the"province,"was"reported."This"decrease"compared"with"a"10.3%"decrease"at"the"national"level"over"the"same"period"between"2006"and"2011"(Statistics"Canada.,"2011).""However,"the"amount"of"large"farms"(worth"$500,000"or"more)"increased"by"nearly"6%.""The"trend"of"intensification"within"Ontario"is"further"evidenced"by"a"decrease"of"total"farm"area"in"Ontario,"falling"by"4.8%"to"12.7"million"acres"from"13.3"million"acres"between"2006"and"2011,"of"which"70.5%"(8.95"million"acres)"was"cropland"(Statistics"Canada,"2011)."""Even"further"emphasizing"the"trend"of"farm"intensification"is"the"increase"in"the"average"area"per"farm,"which"increased"from"233"acres"in"2006"to"244"acres"in"2011"(Statistics"Canada.,"2011)."""All"of"these"current"agricultural"trends"addressed"above,"demonstrate"farm"intensification"and"the"importance"of"the"need"for"the"improvement"of"agricultural"management"
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systems,"equipment"efficiency,"tiling"systems"and"policy"to"allow"farms"to"increase"total"crop"output"as"farming"area"decreases."""Tile"drainage"plays"a"significant"role"in"the"improvement"of"lands"not"yielding"to"their"perceived"highest"potential.""It"has"been"noted"in"literature,"and"empirical"studies,"that"tile"drainage"helps"to"prevent"fields"from"becoming"water"logged,"can"increase"the"rooting"zone"depth"by"lowering"the"water"table"and"thus"allow"for"healthier"more"robust"crop"yield"(Bolton"et"al.,"1982;"Warin"et"al.,"1998;"Geohring"and"Snyder"1983;"Colwell"1978;"Buscaglia"et"al.,"1994;""Geohring"and"Steenhuis"1987;"Carter"1987;"Palmenac"1988).""Tile"drains"are"utilized"primarily"to"decrease"overland"flow,"increase"percolation,"lower"the"water"table"and"alter"some"of"the"infiltrated"water"to"increase"drainage"in"farm"crop"fields"where"the"soil"has"poor"subsurface"drainage"(Singh"and"Kanwar,"1995).""However,"with"the"increase"in"drainage"potential"there"is"also"an"increased"potential"for"nutrients"(nitrate"and"phosphate"absorbed"onto"fine"grain"soil)"and"other"farming"chemicals"to"be"transported"with"greater"efficiency"to"streams"and"rivers"(Davis"et"al.,"2000).""The"addition"of"tile"drains"to"agricultural"fields"also"helps"to"promote"warmer"spring"soil"temperatures,"which,"are"critical"to"the"success"of"earlier"spring"sowing"times"and"germination"of"seeds"(Plamenac"1998;"Lifers"and"Rothwel"1987).""In"the"lengthening"of"the"growing"seasons"by"addition"of"tile"drainage,"farmers"can"effectively"limit"the"risk"of"crop"by"stressors"such"as"waterlogging,"decreased"root"zone"limiting"crop"growth.""The"importance"of"tilling"fields"reduces"the"need"for"the"use"of"heavy"machinery,"which"can"be"damaging"to"the"upper"soil"layers"(Wind.,"1976)"under"wet"conditions.""By"removing"water"from"these"upper"layers"through"the"addition"of"tile"
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systems,"this"improves"the"trafficability"of"the"soil"(Geohring"and"Steenhuis"1987;"Madramootoo"et"al.,"1997;"Bailey,"1979)"and"thereby"increases"the"amount"of"time"a"farmer"can"spend"on"his"fields."""Originally,"tile"drains"were"constructed"from"clay,"however"that"method"proved"to"be"costly."Modern"sub;surface"tile"drains"are"constructed"of"polyethylene"PE,"usually"with"corrugated"inner"walls."The"drains"range"in"their"diameter"and"can"be"chosen"based"on"typical"field"conditions"as"well"as"farmer"preference"and"cost."""Therefore,"the"spacing,"depth"and"diameter""(typically"100"to"450mm)"of"the"tiles"will"vary"from"farm;to;farm"(Ontario"Ministry"of"Agriculture"Food"&"Rural"Affairs"(OMAFRA),"2008)."The"tile"spacing"and"depth"can"be"a"very"important"element"for"obtaining"ideal"drainage"conditions"for"any"particular"field"and,"as"a"result,"maximum"crop"yields."""Depending"on"the"crops"grown"on"a"farm"as"well"as"other"factors,"such"as"soil"types"and"water"table"position,"tile"spacing"can"vary"from"between"15m"to"upwards"of"200m"(Davis"et"al.,"2000).$$"It"has"been"shown"in"the"literature"that"by"increasing"the"drainage"spacing,"the"potential"to"decrease"the"amount"of"water"and"nitrates"removed"from"the"field"can"occur"(Davis"et"al.,"2000;"Kladivko"et"al.,"2004)"$The"effectiveness"of"tile"drains"to"alter"the"hydrology"of"the"agricultural"system"can"be"beneficial"for"the"farmer"economically,"and"has"both"beneficial"and"negative"environmental"impacts."Risk"for"runoff"contamination"is"higher"if"nutrients"or"pesticides"are"applied"to"the"fields"prior"to"a"storm"event"(Gaynor"et"al.,1995)."However,"due"to"the"propensity"of"phosphate"to"be"absorbed"onto"fine"grained"soils,"others"applied"in"agricultural"applications,"such"as"potassium"(K)"and"phosphorus"
23""
(P)"do"not"move"quickly"though"the"soil"profile."Tile"drainage"systems"have"been"shown"to"reduce"runoff"volumes,"and"thereby"have"the"potential"to"reduce"nutrient"export"(Baker"and"Johnson"1976;"Hill"1976;"Bengtson"et"al"1982;"Belcher"and"Fogiel"1991;"Konyha"et"al.,"1992;"Skaggs"et"al"1994;"and"Thomas"et"al"1995).""""There"has"been"some"discrepancy"in"studies"conducted,"however,"as"some"reports"show"elevated"losses"of"nitrogen"from"tile"drained"fields"when"compared"with"undrained"fields"(Baker"and"Johnson"1976;"Hill"1976;"Bengtson"et"al"1992;"Belcher"and"Fogiel"1991;"Skaggs"et"al"1994;"and"Thomas"et"al"1995).""These"results"may"have"been"due"to"the"variability"in"study"periods"because"it"has"been"shown"that"there"may"be"high"levels"of"residual"nitrates"in"the"upper"layers"of"soil"resulting"from"dry"years,"which"are"released"in"subsequent"wetter"years."
!
1.3.10(Tillage(Methods(and(Practices("Tillage"is"regarded"as"the"process"of"altering"the"surface"of"soil"and"soil"properties"in"general,"usually"by"mechanical"processes,"for"the"purpose"of"production"of"food,"fiber"and"energy"crops"(Soil"Science"Society"of"America.,"1987)"and"has"been"noted"in"history"as"early"as"6000"B.C."(Encyclopedia"of"Soil"Science.,"2008;"Scientific"American,"2008).""It"has"been"noted"in"previous"literature"that"ancient"Egyptians"and"Incas"utilized"crude"methods"of"tillage"by"using"sticks"to"make"holes"and"hand"planting"seeds."""The"advent"of"the"plough"and"the"domestication"of"animals"led"to"the"larger"scale"tillage"practices"required"for"increased"production."Throughout"the"industrial"revolution,"the"further"mechanization"of"farming"improved"the"overall"economics"of"agricultural"processes,"allowing"for"a"decrease"in"
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time"spent"working"the"fields"for"many"farmers,"and"an"increase"in"overall"production.""As"mechanization"progressed"through"the"20th"century,"farmers"continued"to"cultivate"their"land"more"intensively.""As"tillage"continued"disrupting"the"upper"soil"layers"and"reducing"preferential"flow"pathways,"the"soil"became"more"susceptible"to"Aeolian"processes"and"water"induced"erosion.""This"became"particularly"evident"during"the"Dust"Bowl"era"between"1931"and"1939"in"the"United"States"as"much"topsoil"was"blown"away"in"the"southern"plains"of"the"U.S"largely"resulting"in"widespread"crop"failure.""The"long"term"cost"of"inversion"tillage"(also"known"as"‘conventional"till’"practices"in"this"study)"practices"was"noted"graphically"in"North"America"by"accelerated"soil"erosion,"oxidation"of"soil"organic"mater"and"depletion"of"the"native"soil"fertility"reserves"(Encyclopedia"of"Soil"Science.,"2008).""Adjustments"in"various"tillage"management"practices"can"have"profound"impact"on"the"environments"for"farming,"as"well"as"any"connected"environments.""It"is"noted"in"general"that"conservation"tilled"(also"referred"to"as"modified,"or"no;till)"soils"are"cooler,"wetter,"and"less"aerobic"than"soils"that"are"conventionally"tilled"(Doran,"1987;"Mielke"et"al.,"1986).""Various"literature"suggests"that"no;tilled"soils"may"require"an"increase"in"fertilizer"(Doran,"1980;"Doran"1987)"and"may"correlate"to"reduced"yields"(Thomas"and"Frye,"1984).""However,"specifics"regarding"the"potential"decrease"in"yields"are"known"to"vary"with"differences"in"climate,"soil"types"and"cropping""(Encyclopedia"of"Soil"Science.,"2008)."Results"from"various"studies"conducted"on"the"adaptation"and"switching"of"tillage"methods"from"one"system"to"another"have"shown"that"in"order"for"a"noticeable"shift"in"soil"or"yield"to"occur,"fields"should"be"left"under"the"new"
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management"system"for"at"least"15"years"(Kay"and"VandenBygaart.,"2002).""Within"Canada"as"of"the"census"of"agriculture"from"2011,"there"has"been"a"dramatic"shift"in"tillage"practices,"and,"for"the"first"time"in"Canadian"history"no;till"practices"accounted"for"more"than"half"(56.4%)"of"all"73million"hectares"prepared"for"seeding."Overall,"17.1%"more"farms"reported"using"no;till"practices"than"in"2006"(Statistics"Canada,"2012).""A"shift"in"the"tillage"practices"further"exemplifies"the"importance"of"understanding"each"methods"response"to"varying"hydrologic"inputs."""""""""""""""""" Figure"3:""Shifts"in"tillage"methods"practiced"across"Canadian"agricultural"lands.""The"three"main"types"of"tillage"practices"applied"in"Ontario"are"Conventional"Till"(CT),"Modified"Till"(MT,"also"called"conservation"till"in"other"studies)"and"No"Till"(NT).""However,"other"methods"are"practiced"including"moldboard"plow."Each"presents"their"own"sets"of"benefits"and"drawbacks.""CT"is"tillage"that"incorporates"or"buries"most"of"the"crop"residue"into"the"soil."This"approach"will"typically"involve"multiple"passes"of"the"field"using"the"moldboard"plow"or"disk"initially"(10;20cm"
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depth),"then"other"implements.""This"method"leaves"the"surface"of"the"field"relatively"bare"and"without"much"protection.""MT"and"NT"are"methods"of"tillage"that"retain"most"of"the"crop"residue"on"the"surface"and"involve"minimal"tillage."NT"will"avoid"any"mechanical"tillage"of"the"soil,"and"attempts"to"greatly"limit"any"form"of"disturbance"to"the"soil"surface.""Typically"NT"will"only"have"one"pass"of"the"field"for"planting""(OMAFRA.,"2009;"Statistics"Canada.,"2011)""In"Ontario"specifically,"NT"methods"were"used"on"33.1%"of"the"land"prepared"for"seeding"in"2011,"a"slight"increase"from"31.2%"in"2006.""CT"decreased"to"37.1%"of"land"prepared"for"seeding,"from"43.9%"in"2006.""MT"was"used"on"29.8%"of"the"land"prepared"compared"to"24.9%"in"2006"(Statistics"Canada,"Census"of"Agriculture.,"2011)."When"a"shift"occurs"from"CT"to"NT,"or"MT,"there"are"several"impacts."In"the"short;term,"soils"will"show"pore"characteristics"that"vary"with"depth"and"reflect"a"degree"of"fragmentation,"compaction"and"inversion"in"the"tillage"zone"created"by"tillage"equipment."""In"the"medium"and"long"term,"as"fields"are"shifted"to"different"forms"of"tillage"practices"(i.e"CT"to"NT),"changes"in"the"physical"soil"characteristics"will"occur.""Studies"conducted"have"noted"a"decrease"in"the"number"of"pores"in"the"top"20cm"in"silt;loam"of"southern"Ontario"of"30;100μm"(VandenBygaart"et"al.,"1999),"they"contained"2.5"times"more"pores"with"200;500μm"equivalent"diameter"in"NT"than"CT"in"the"top"5cm"of"soil"(Shipitalo"and"Protz,"1989)."""At"the"20;30cm"depth,"greater"macroporosity"was"noted"under"minimum"tillage"that"was"ascribed"to"elongated"pores"100;300μm"in"length.""This"was"directly"related"to"a"greater"hydraulic"conductivity"of"the"soils"under"the"minimum"tillage"methods"(Kay"and"
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VandenBygaart.,"2002)."""As"noted"previously,"studies"lasting"15"years"or"longer"are"contribute"the"greatest"consistency"in"shift"in"results"concerning"pore"size"distribution.""Generally"as"the"temporal"scale"increases"in"a"no;till"practice,"the"number"of"biopores,"created"by"roots"and"fauna,"has"been"noted"to"increase"(Kay"and"VandenBygaart.,"2002)."""Also"of"importance"is"the"general"stratification"of"soil"organic"matter,"which"is"noted"to"begin"very"soon"after"conversion"to"NT"from"CT"in"the"top"5cm,"and"losses"at"depth"(da"Silva"et"al.,"1997;"Kay"and"VandenBygaart.,"2002)."$
$
1.3.10.1(Conservation(Tillage(
$The"development"of"reduced"tillage"and"residue"management"systems"was"made"necessary"because"of"soil"erosion"losses,"the"economics"of"crop"production"and"the"desire"to"expand"to"farming"lands"that"were"traditionally"too"steep,"or"too"dry"to"farm"using"conventional"management"systems"(McCalla"and"Army,"1961;"Triplett,"1984)."""Advantages"to"both"reduced"tillage"and"residue"management"systems"include:"reduced"soil"erosion"losses,"which"leads"to"greater"land"availability"for"farming"that"would"have"otherwise"been"too"steep;"improved"timing"for"planting"and"harvesting;"increased"potential"for"double"cropping;"conservation"of"soil"water"through"decreased"evaporation"and"increased"infiltration;"increased"production"per"unit"area"of"land;"and"a"reduction"in"fuel,"labour"and"machinery"requirements"(Encyclopedia"of"Soil"Science.,"2008)."""In"the"past"several"decades"there"has"been"a"drastic"shift"that"occurred"to"the"number"of"farmers"utilizing"the"conservation"methods.""In"the"United"States,"the"USDA"predicted"that"by"the"year"2000,"over"80%"of"cropland"would"be"under"some"
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form"of"reduced"tillage"method"(USDA.,"1975)."""Between"1973"and"1981"it"was"believed"that"there"was"an"increase"in"the"amount"of"crop"area"under"reduced"tillage"management"by"125%"(Christensen"and"Magleby.,"1983),"and"within"Ontario"33.1%"of"all"land"prepared"for"seeding"in"2011"was"under"NT"(Statistics"Canada,"Census"of"Agriculture.,"2011)".""""Although"the"dramatic"increase"in"this"type"of"tillage"popularity"has"increased"amongst"farmers"globally,"the"practice"typically"includes"several"shortcomings"when"compared"against"conventional"till"practices"including:""cooler"soil"temperatures;"uncontrolled"compaction;"increased"potential"for"insects"and"disease"damage"to"crops"resulting"from"residue"accumulation"at"the"soil"surface;"difficulty"for"application"of"fertilizer,"herbicides"and"lime;"need"for"more"precise"management"of"soil"fertility"and"weed"control"in"achieving"desired"yields"(Doran"and"Smith.,"1987;"Mielke"et"al.,"1986)."""
( (
1.3.10.2(Tillage(in(Ontario(
$"Proper"use"of"tillage"in"Ontario"has"been"of"concern"for"farmers,"most"notably"within"recent"years.""Environmental,"economic"as"well"as"sociopolitical"pressures"have"created"an"environment"that"is"making"it"difficult"for"farmers"to"choose"which"farm"management"practices"are"best"suited"to"be"implemented"on"their"farms."""Broadly,"there"are"four"objectives"of"tillage"in"Ontario:"" 1) The"preparation"of"a"finely"aggregated,"shallow"seedbed,"2) The"maintenance"of"a"continuous"network"of"cracks"and"pores"in"layers"below"the"seedbed,"3) The"protection"of"soil"surface"structure"against"breakdown"by"water,"4) The"acceleration"of"surface"soil"drying"in"spring.""(Ministry"of"Agriculture"&"Food.,"1978)""
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Tillage"methods"in"Ontario"should"meet"these"requirements,"while"also"optimizing"production"on"any"individual’s"lands.""While"it"is"difficult"to"distinguish"which"tillage"method,"CT,"MT,"or"NT"best"meets"these"requirements"it"is"possible"to"compartmentalize"the"methods"to"identify"individually"which"may"perform"best"for"the"individual"objectives.""Conventional"till"practices"are"likely"to"improve"the"aggregate"in"the"upper"horizons"in"the"short"term."However,"over"time,"preferential"sorting"and"weathering"will"likely"diminish"the"quality"soil"in"the"upper"horizons."""The"disturbance"in"the"upper"horizons"does"not"specifically"impact"objective"number"2.""Under"NT"and"MT"however,"as"noted"by"section"1.3.8"those"tillage"methods"are"likely"to"perform"better"than"CT"in"the"2nd"and"3rd"objective."""Objective"4"can"be"accelerated"by"the"inclusion"of"tile"drainage"and"will"be"explored"in"greater"detail"in"the"analysis"section"and"was"discussed"in"section"1.3.9."Although"the"above"four"directives"have"been"set"forth"by"the"Ministry"of"Agriculture"&"Food,"more"recent"concerns"regarding"climactic"variability"and"aquatic"health"also"contribute"to"some"of"the"difficulties"farmers"have"when"deciding"which"farm"management"practices"are"best"suited"for"implementation"on"their"farms.""Largely"correlated"with"soil"texture"and"crop"sequence,"the"extent"to"which"tillage"is"practiced,"and"which"method"of"tillage"is"best"suited"for"a"specific"farm"varies.""For"instance,"after"corn"has"been"planted,"the"tillage"required"to"prepare"an"adequate"seedbed"for"spring;sown"crops"will"largely"depend"on"soil"texture"(Ministry"of"Agriculture"&"Food.,"1978).""In"clay"soils,"tillage"may"not"be"required"as"spring"frosts"will"generally"aid"in"the"production"of"a"fine"aggregate,"by"means"of"the"
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freeze"thaw"cycle,"which"is"desired"for"crop"planting."""As"rooting"depth"of"crops"is"also"of"importance,"the"development"of"cracks,"conduits"from"burrowing"animals"and"worms,"and"existing"flow"pathways"from"previous"root"crops"aid"in"crop"development"and"therefore"it"is"believed"that"deep"tillage"is"not"of"any"benefit"for"greater"crop"yield"(Ministry"of"Agriculture"&"Food.,"1978).""""Of"concern"with"the"use"of"any"tillage"method"is"the"use"of"farm"equipment"on"the"fields,"which"may"cause"soil"compaction"in"certain"areas"of"traffic"and"have"important"impacts"on"the"environment"(Soane"and"van,"1994).""The"intensity"and"frequency"of"compaction"events"in"cultivated"plots"depends"largely"on"the"cropping"systems,"tillage"management"and"climate"(Boizard"et"al.,"2002)."""Soil"compaction"caused"by"farming"equipment"is"highly"localized"in"the"zone"beneath"the"wheel"(Defossez"et"al.,"2002),"and"depends"on"two"major"factors:"" i. Soil"mechanical"strength,"which"is"influenced"by"physical"soil"properties"such"as"texture"and"organic"carbon"content"(Larson"et"al.,"1980;"Hettiaratchi,"1987)"and"by"tilled"layer"state"at"wheeling,"its"structure"(Horn"et"al.,"1994)"and"its"water"status"(Guerif,"1984)"ii. Loading,"which"depends"on"vehicle"characteristics"(Koolen"and"Kuipers,"1983;"Lebert"et"al.,"1989)"""Because"of"the"importance"of"mid;late"season"water"retention"in"soils,"and"that"summer"rainfall"largely"is"comprised"of"isolated,"and"intense"rainfall"events"in"Ontario,"maintaining"optimal"infiltration"rates"is"extremely"important"to"avoiding"drought"stresses.""Utilizing"alternative"tillage"methods"to"CT,"such"as"MT,"or"NT,"can"result"in"the"formation"of"crop"residue"at"the"soil"surface,"which"can"be"beneficial"in"limiting"these"stresses.""Alternative"tillage"methods"can:"a)"provide"direct"protection"from"
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the"force"of"falling"rain"drops;"b)"serve"as"dams"to"prevent"or"limit"surface"run;off"during"intense"rain"events"thereby"encouraging"infiltration;"and"c)"provide"a"source"of"organic"matter"at"the"surface"which"will"eventually"lead"to"an"increase"in"surface"soil"stability"(Ministry"of"Agriculture"&"Food.,"1978;"OMAFRA.,"2008)."
!
1.3.11.(Antecedent(Conditions(
!In"any"basin,"the"condition"of"water"storage"in"the"soil"plays"a"significant"role"in"the"ability"of"that"basin"to"store"water."These"antecedent"conditions"create"complexities"when"analyzing"any"basins"hydrologic"regime,"yet,"are"vital"to"the"overall"understanding"of"the"relationship"between"precipitation"and"basin"surface"discharge."Due"to"the"nature"of"the"complexities"involved,"antecedent"hydrologic"conditions"(AHC)"are"not"well"understood."Under"very"dry"conditions"it"is"characteristic"for"the"storage"capacity"of"a"basin"to"be"very"high,"whereas"under"very"wet"conditions,"the"storage"capacity"is"low"(Dingman,"2002)."""However,"it"is"typical"specifically"of"soils"high"in"clay"content"to"experience"the"formation"of"significant"preferential"flow"paths"under"very"dry"conditions"(Ritsema"et"al.,"1998;"Macrae"et"al.,"2010)."""This"adds"to"the"complexity"in"understanding"the"impacts"of"very"dry"basin"conditions"and"is"a"parameter"yet"to"be"quantified.""Previous"studies,"Buttle"et"al"(2001)"and"James"and"Roulet"(2007),"effectively"showed"that"precipitation"amounts"and"AHC"were"very"important"in"determining"runoff"ratios"for"a"basin.""In"a"forested"watershed,"Turgeon"and"Courchesne"(2008)"utilized"principle"components"analysis"and"found"that"antecedent"streamflow,"pre;event"water"table"position"and"
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runoff"ratios"were"correlated"and"explained"86%"of"the"variability"in"storms"that"occurred"over"the"study"period."""A"study"completed"at"Strawberry"Creek"in"2010"showed"that"there"was"a"perceived"increase"in"connectivity"with"surface"horizons"under"wet"AHC,"which"is"believed"to"increase"hydrologic"response"(runoff"ratios)"(Macrae"et"al.,"2010)."""When"examining"any"specific"storm"event"within"the"basin"of"question,"it"has"been"noted"in"previous"research"that"very"different"responses"are"to"be"expected,"this"largely"due"to"changes"in"AHC"(Muscutt"et"al.,"1990;"Avila"et"al.,"1992;"Jenkins"et"al.,"1994;"Soulsby.,"1995)."""In"the"event"of"storms"occurring"within"a"short"time"period,"allowing"for"little"soil"moisture"to"be"utilized"by"crops,"discharged,"or"evapotranspired,"the"basin"will"become"more"saturated"as"is"to"be"expected"with"the"increase"in"moisture.""It"is"generally"understood"that"increased"antecedent"moisture"conditions"decreases"infiltration"capacity"and"therefore"will"increase"runoff"volume"(Bundy"et"al.,"2001;"Mickelson"et"al.,"2001a;"Sauer"and"Daniel.,"1987;"Sharma"et"al.,"1983).""""Previous"attempts"at"quantifying"antecedent"moisture"conditions"are"created"with"assumptions"within"the"collection"of"data"and"calculation"as"the"complexity"of"natural"variability"makes"quantifying"difficult.""In"a"study"conducted"by"Torres"et"al"(2011)"it"was"determined"that"event"runoff"was"a"function"of"rainfall"amount"that"explained"as"much"as"68%"when"looking"at"wet"conditions,"which"were"precipitation"patterns,"evaporative"demand,"season"and"water"table"position."Antecedent"precipitation"index"was"also"utilized"for"categorization"of"dry"(absence"of"rainfall"5"days"prior"to"event)"or"wet"(any"amount"of"rainfall"prior"to"event)."Though"the"relationship"was"determined"to"be"significant"(α=0.05)"for"wet"and"dry"
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conditions,"it"was"not"as"strong"as"they"had"expected.""The"USDA"determined"that"AHCs"have"natural"temporal"variability,"however,"from"this"they"were"able"to"create"a"general"relationship"between"volume"of"rainfall"and"storm"runoff"for"a"range"of"antecedent"moisture"conditions"by"baseflow"analysis"and"separation.""This,"they"found,"could"aid"in"the"identification"of"previous"rainfall"in"wetting"the"soil"and"of"natural"drainage"and"evapotranspiration"in"reducing"the"soil"moisture"at"a"logarithmically"decreasing"rate"over"time"(Dunne"&"Leopold.,"1978).""This"method"utilizes"values"of"the"antecedent"precipitation"index.""This"is"determined"from"the"equation:"
It = I0kt " " " " Equation"1.4"where"It"and"I0"are"values"of"the"antecedent"precipitation"index"on"day"t$and"at"the"beginning"of"the"calculation"period;"k"is"a"constant"usually"varying"between"0.85"and"0.95,"indicating"the"rate"of"reduction"of"soil"wetness;"and"t"is"the""time"(in"days)"since"last"rainfall."The"index,"therefore,"is"obtained"by"keeping"a"running"calculation"in"which"the"previous"days"value"is"multiplied"by"k."If"rain"occurs"on"any"day,"the"amount"of"rain"is"added"to"the"index,"t"is"set"equal"to"zero"again,"and"the"calculation"is"continued"(Dunne"&"Leopold.,"1978).""Alternatively,"estimation"of"the"antecedent"conditions"have"also"been"calculated"utilizing"ground"cover"type"and"soil"classifications"from"the"United"States"Department"of"Agriculture"(USDA)"and"the"model"from"the"National"Resource"Conservation"Service"(NRCS)."This"application"utilizes"a"curve"number"approach"for"specific"storm"events,"and"daily"precipitation.""A"more"complex"method"of"identifying"runoff,"the"antecedent"soil"moisture"component"of"the"model"is"an"integral"faction.""As"physical"soil"characteristics"and"
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vegetative;cover"type"are"critical"components"in"determining"antecedent"conditions"this"method"provides"a"greater"degree"of"understanding"for"localized"conditions."""Within"this"method"the"NRCS"defined"three"specific"antecedent"moisture"conditions"(AMCs):""AMC"I"–"for"conditions"when"little"precipitation"precedes"an"event"and"the"root;zone"soils"are"relatively"dry"AMC"II"–"is"used"when"average"antecedent"precipitation"has"occurred"prior"to"an"event"AMC"III"–"used"when"considerable"precipitation"has"occurred"in"the"five"days"immediately"prior"to"the"precipitation""" " " " " " " (NRCS.,"1997)""The"curve"numbers"however,"were"developed"for"short;term"storm"events"with"rather"high;intensity"precipitation"(Tindall"&"Kunkel.,"1999),"and"therefore"would"need"to"be"adjusted"if"daily"precipitation"values"were"to"be"used."""Methods"expanded"form"the"NRCS"and"USDA"method"conducted"by"Schroeder"et"al"(1994)"utilized"a"correlation"between"minimum"infiltration"and"soil"type"to"calculated"curve"numbers"with"daily"precipitation"values.""The"magnitude"of"variables"that"could"be"utilized"for"estimation"of"antecedent"conditions"creates"a"great"deal"of"methods"adjusted"for"available"parameters"during"individual"studies.""The"knowledge"gap"of"understanding"antecedent"conditions"within"an"agricultural"context"of"southern"Ontario"is"limiting."In"attempting"to"characterize"antecedent"hydrologic"conditions"for"this"study,"the"previous"literature"identified"here"will"be"drawn"upon"for"examples,"and"examined"for"the"use"within"the"McIntosh"system.""""
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1.3.12(Water(Budget(
!The"water"budget"method"is"regarded"as"typically"an"essential,"yet"relatively"basic"method"of"understanding"the"general"hydrologic"characteristics"of"a"field,"and"for"estimating"crop"water"requirements."""The"water"budget"method"relies"on"weather"data"that"is"collected"from"nearby"weather"stations,"or"from"on;site"weather"stations,"if"the"particular"research"site"in"question"has"this"option."The"water"budget"is"a"method"of"analyzing"incoming"versus"outgoing"water"from"a"system.""This"aids"in"the"analysis"of"storage"within"the"system"and"can"be"particularly"helpful"for"agricultural"purposes"in"understanding"irrigation"timing,"and"when"crops"may"be"under"water"stresses.""Components"of"the"water"budget"include"effective"precipitation,"irrigation,"and"snowmelt"for"additions,"crop"water"use,"deep"percolation"and"evapotranspiration"for"losses."""The"very"complex"relationship"amongst"each"factor"contributing"to"the"effective"measurement"of"the"water"balance"further"signifies"the"importance"of"accuracy"within"measurements"(Noto"et"al.,"2008).""Water"balances"for"specific"basins"can"inevitably"lead"to"determining"how"the"basin"responds"to"events"under"various"conditions;"the"change"in"soil"moisture;"and"eventually"lead"to"the"ability"to"decipher"patterns"within"the"system.""Specifically,"best"management"practices"can"be"altered"for"farming"operations"such"as"the"irrigation"systems,"tillage"methods"and"crop"type"for"various"climatic"conditions"that"become"better"understood"through"analysis"with"the"water"budget."""Additional"components"of"the"water"balance"to"those"not"already"discussed"(e.g.,"
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micrometerological"parameters"1.3.5,"Groundwater"flow"1.3.7"&"Tile"Drainage"1.3.9)"are"discussed"hereafter."""
1.3.12.1(Evaporation("Evaporation"is"the"process"whereby"liquid"water"is"converted"to"water"vapour"and"removed"from"the"evaporating"surface"(Allen"et"al.,"(FAO,"Water"Resources),"1998).""In"order"for"the"water"to"change"states,"energy"is"required.""This"energy"comes"in"the"form"of"direct"solar"radiation"and,"to"a"lesser"extent,"the"ambient"temperature"of"the"air."""As"the"evaporation"process"proceeds,"the"area"surrounding"the"surface"of"the"soil"gradually"becomes"saturated"causing"the"process"to"slow"down"or"stop"altogether."""Because"of"the"integral"connection"with"local"climate,"inclusion"of"various"micrometeorological"parameters"such"as"solar"radiation,"air"temperature,"air"humidity"and"wind"speed"are"utilized"when"calculating"the"evaporation"process.""The"soil"surface"also"has"a"complex"relationship"with"evaporation,"as"controls"on"this"surface"will"alter"spatially"and"temporally.""The"degree"of"shading"provided"by"the"crop"canopy"and"the"amount"of"available"water"also"impact"the"evaporation"process."The"soil"is"controlled"solely"by"meteorological"conditions.""When"there"is"a"prolonged"interval"between"rain"or"irrigation"and"conditions"are"favorable"for"drying"the"fields,"evaporation"from"the"soil"surface"will"decrease"rapidly.""The"importance"of"analysis"relates"to"upper"level"soil"water"availability"throughout"the"growing"seasons"as"related"to"the"various"tillage"methods,"as"well"as"patterns"in"times"of"decreased"water"availability"increasing"stressors"on"crops"
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1.3.12.2(Evapotranspiration("Evapotranspiration"(ET)"is"defined"as"the"simultaneous"process"of"transfer"of"water"to"the"atmosphere"by"transpiration"and"evaporation"in"a"soil;plant"system"(Rosenberg"et"al,."1983;"Allen"et"al.,"1998;"Mavi"and"Tupper.,"2004)."Within"the"literature"there"are"countless"methods"for"measuring"evapotranspiration"with"site;specific"adjustments"creating"further"variations"to"optimize"the"calculations."Potential"evapotranspiration"(PET)"is"usually"closely"related"to"the"evaporation"from"a"open"water"surface"(Bedient.,"2008)."""A"study"implemented"by"Lu"et"al,"(2005)"compared"six"different"potential"evapotranspiration"(PET)"measurement"techniques"over"sites"in"North"Carolina."""Each"method"was"compared"based"on"the"various"assumptions"and"constants"that"vary"and"are"site"specific.""However,"these"same"constants"and"assumptions"are"utilized"across"climatic"zones"thereby"resulting"in"potentially"skewed"results.""Methods"tested"included"Thorntwaite,"Hargreaves;Samani"and"Hamon,"all"temperature"based"models;"Turc,"Makkink"and"Priestly;Taylor,"all"radiation"based"models"and"compared"these"to"the"Penman;Monteith"model"which"is"considered"to"be"the"most"accurate"(Ortega;Farias"et"al.,"2009).""In"the"cases"where"it"was"not"possible"to"utilize"the"full"Penman;Monteith"method"the"Priestly;Taylor"and"Turc"methods"were"optimal"as"they"provided"the"most"consistent"values"to"those"of"the"Penman;Monteith"estimation"(Lu"et"al.,"2005)."""Based"on"consistency"demonstrated"within"the"literature"and"reproducibility"demonstrated"by"other"studies,"the"Penman;Monteith"method"is"the"preferred"choice"when"a"more"complex"Eddy;Covariance"method"is"not"an"option.""""
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1.3.12.3(Eddy(Covariance(Method(
$If"applicable"and"it"is"possible"to"obtain,"the"Eddy"Covariance"method"for"measuring"actual"evapotranspiration"(AET)"is"the"ideal"method"for"analysis"of"evapotranspiration"as"it"measures"the"actual"evapotranspiration"rates"by"measuring"gas"flux"throughout"the"atmosphere."The"measurements"include:"heat"flux;"wind"speed;"friction;"air"temperature;"and"precipitation,"all"at"ten"times"per"second."These"measurements"provide"an"accurate"depiction"of"large,"and"small"eddy"movements,"which"move"in"three"dimensions"over"specific"fields.""The"three"dimensions"of"movement"work"to"section"the"air"into"isolated"parcels,"each"specific"parameter"being"measured"at"a"high"frequency,"to"obtain"the"final"evapotranspiration"value"(Burba"&"Anderson.,"2010)."Measuring"ETo,"reference"evapotranspiration,"from"Penman;Monteith"method,"is"an"important"agrometeorological"parameter"for"climatological"and"hydrological"studies,"as"well"as"for"irrigation"planning"and"management"(Sentelhas,"Gillespie,"&"Santos,"2010).""ET"will"be"influenced"by"numerous"meteorological"and"physical"parameters"related"to"the"particular"field"under"study.""Solar"radiation,"air"temperature,"relative"humidity"and"wind"speed,"all"contribute"to"the"amount"and"rate"of"vapour"flux"from"the"land.""Other"elements"such"as"crop"type,"crop"development"stage,"management"practices"and"cultivation"practices"also"need"to"be"considered"when"analyzing"the"transpiration"from"a"field"(Allen"et"al.,"1998)."""In"an"agricultural"setting,"particularly"when"crops"are"in"the"early"stages"of"development,"water"is"predominately"lost"by"soil"evaporation.""Soil"evaporation"however,"is"not"very"efficient"as"only"the"upper"10cm,"or"the"tillage"zone,"and"is"a"function"of"soil"
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physical"properties"including"particle"size"and"bulk"density."Once"crops"become"well"developed"and"the"canopy"completely"covers"the"soil,"transpiration"becomes"the"main"process"of"water"loss"(Sentelhas"et"al.,"2010)."$
$
1.3.12.4(Factors(Influencing(ET("Crop"factors"including"crop"type,"variety"and"development"stages"should"be"considered"when"assessing"the"evapotranspiration"from"crops"that"are"grown"on"many"large;scale"agricultural"fields."""Other"parameters"influencing"ET"are"related"to"management"and"environmental"conditions.""For"example,"the"soil"water"content"within"ET"is"largely"dependent"on"the"amount"of"available"water,"the"number"of"days"from"previous"rainfall,"and"the"type"of"soil.""Too"much"water"can"potentially"cause"waterlogging"in"the"soil,"damaging"the"root"of"the"crop"and"limiting"uptake,"which"has"the"effect"of"reducing"transpiration."""ET"is"also"influenced"by"cultivation"practices"and"the"type"of"irrigation,"if"used,"which"can"alter"the"microclimate"thereby"effecting"crop"characteristics."""
(
1.3.12.5(Agricultural(Evapotranspiration("Since"1948,"estimates"of"ET"have"been"produced."Methods"created"by"both"Thorntwaite"and"Penman"define"potential"evapotranspiration"as"the"rate"of"water"loss"from"vegetated"surfaces"when"plants"have"unlimited"water"availability.""This"concept"has"been"widely"used"and"accepted"ever"since."""More"recently,"the"development"of"grass"reference"evapotranspiration"(ETo)"has"developed,"and"become"increasingly"popular,"owing"to"its"ease"of"use"in"a"variety"of"climatic"scenarios"and"reproducibility.""This"grass"reference"evapotranspiration"
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however"is"limited"in"its"approach"because"it"assumes"several"parameters"are"constant,"including:"a"crop"height"of"0.12"m,"a"fixed"surface"resistance"of"70s"m;1"and"an"albedo"of"0.23"(Allen,"Richard"G"(Utah"State"University)"Pereira"et"al.,"1998)."ETo"expresses"the"evaporative"demand"of"the"atmosphere"independent"of"crop"type,"crop"development"and"management"practices.""As"water"is"considered"to"be"in"unlimited"supply"at"the"grass"reference"evapotranspiring"surface,"soil"moisture"does"not"affect"ETo."Because"of"this,"ETo"is"governed"by"meteorological"parameters"and"can"thereby"be"calculated"from"meteorological"data"if"available.""One"of"the"main"restrictions"for"computation"of"ETo"is"the"fact"that"a"full"weather"data"set"is"required;"where"data"is"limited,"the"FAO"PM56"method"does"not"yield"accurate"results"(Pereira"et"al.,"2002;"Popovl"et"al.,"2006;"Jabloun"and"Sahli,"2008).""However,"the"study"conducted"by"Sentelhas"et"al"(2010)"found"that"when"wind"speed"and"/"or"relative"humidity"data"are"not"available,"the"FAO"PM"method"can"be"used"to"estimate"daily"ETo"with"errors"smaller"than"0.6mm"day;1"(Allen,"Richard"G"(Utah"State"University)"Pereira"et"al.,"1998).""After"review"of"several"variations"of"measuring"ETo"it"is"recommended"that"the"FAO"Penman;Monteith"method"be"the"sole"method"used"for"agriculture.""This,"even"considering"that"in"special"weather"conditions"it"can"lead"to"errors"as"high"as"30%"(Widmoser,"2009).""Sentelhas"et"al"(2010),"compared"several"methods"for"measuring"ET"in"a"southern"Ontario"study"in"order"to"determine"the"best"method"of"measurement"against"the"FAO"Penman;Monteith"(FAO"PM56)"method"when"various"parameters"were"missing.""The"methods"were"compared"against"the"FAO"PM56"method"due"to"the"fact"that"this"method"has"been"considered"as"the"universal"
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standard"to"estimate"ETo"for"more"than"a"decade.""The"findings"from"Sentelhas"et"al"(2010)"indicate"that"several"of"the"methods"discussed"above"are"adequate,"yet"if"possible;"the"FAO"PM56"method"should"be"used"for"analysis."""Further,"this"would"make"it"possible"to"compare"the"potential"evapotranspiration"results"with"those"of"an"eddy"covariance"system"if"installed"on"a"site"after"a"storm"when"the"relative"humidity"is"low.""
$
1.3.12.6(Crop(Coefficient(approach((
$In"order"to"better"represent"evapotranspiration"from"a"monoculture"agricultural"field,"the"ETo"calculated"was"expanded"to"include"crop"coefficients"(Kc)."Evapotranspiration"under"standard"conditions"(ETc)"can"be"calculated.""This"is"known"by"the"FAO"as"the"crop"coefficient"approach"and"refers"to"standard"conditions"for"crops,"which"are"grown"in"large"fields"under"excellent"agronomic"and"soil"water"conditions.""Various"crop"coefficients"are"established"and"based"off"crop"type,"climate,"soil"evaporation,"and"crop"growth"stages.""This"crop"coefficient"also"changes"from"early,"mid"to"late"season"growth"stages"as"crops"will"be"evapotranspiring"at"a"greater"rate"during"the"mid"season"phase.""""""" """""
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Figure"4:""FAO"crop"coefficients"mid"season"scale"compared"to"the"ETo"grass"reference"(1.0)."""""""""""""""Figure"5:"Extreme"ranges"expected"for"Kc"for"full;grown"crops"as"climate"and"weather"changes""ET"measurements"are"used"in"estimation"of"the"water"budget"at"various"time"scales.""The"accuracy"in"measurement"of"the"water"budget"is"particularly"evident"in"studies"that"include"contaminant;leaching,"water"available"for"plant"growth"and"irrigation"scheduling."""Studies"have"particularly"been"completed"for"analysis"of"nitrate"leaching"from"fertilized"agricultural"fields"to"ground"water,"and"the"estimation"of"drainage"relies"partially"on"the"knowledge"of"ET""(McCoy"et"al.,"2006).""""""" "
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1.3.13(Event(Identification(&(Hydrograph(Separation(
!The"identification"of"storm"events,"selection"of"inflection"points"(rapid"rising"from"one"measurement"time"to"the"proceeding),"identifying"the"timing"of"the"end"of"events"and"baseflow"identification"has"historically"been"a"source"of"concern"for"hydrologists"attempting"to"quantify,"to"the"best"degree"possible,"the"actual"amount"of"flow"that"can"be"attributed"to"a"specific"precipitation"or"snowmelt"event."""In"the"identification"of"individual"events,"analysis"of"the"field’s"physical"characteristics"prior"to"the"event"and"after"the"event"can"aid"in"revealing"how"the"individual"field"responds."
(
1.3.13.1(Event(identification(" Hydrographs"presented"from"the"McIntosh"tile"drainage"system"are"identified"as"similar"to"those"of"stream"hydrographs,"in"that"discharge"rate"is"compared"against"time.""Typical"hydrographs"are"characterized"by"a"rising"limb"which"is"shown"to"be"steeper"than"the"recession"or"falling"limb"(Dingman.,"1994;"Dunne"&"Leopold.,"1978).""Groundwater"flow"is"typical"in"majority"of"streamflow"estimates,"however"rarely"flows"from"tiles."Instead,"water"stored"in"the"unsaturated"zone"through"capillary"forces,"as"well"as"the"general"position"of"the"water"table"will"contribute"to"baseflow"in"the"tiles"between"events.""Freeze"(1979)"and"Freeze"and"Banner"(1970)"identified"that"recharge"is"strongly"dependent"on"the"relations"among"water"content,"hydraulic"conductivity"and"tension"in"the"unsaturated"zone"above"the"water"table.""Further,"localized"conditions"have"been"shown"to"contribute"greatly"to"variability"in"that"shown"recharge.""Therefore,"identification"and"
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quantification"to"the"best"possible"manner"of"antecedent"conditions"within"the"study"area"is"also"critical"to"identifying"baseflow"from"event"flow"conditions.""""For"many"of"the"event"identifications"of"surface"water,"groundwater"interactions,"traditional"methods"that"have"been"used"are"labour"intensive"and"hence"relatively"costly"to"implement."As"a"result,"they"provide"only"local;scale"estimates"of"water"flow,"which"cannot"be"directly"extrapolated"to"larger"regions"(Kalbus"et"al.,"2006;"Brodie"et"al.,"2007;"Turner"et"al.,"2009).""The"measurement"of"groundwater"parameters"at"the"field"site,"identified"through"the"methodology"section"allows"for"the"identification"and"separation"of"event"from"baseflow"characteristics"at"the"McIntosh"field"site.""Every"farmer,"however,"could"not"carry"out"these"methods,"as"they"are"relatively"costly"to"carry"out"both"monetarily"and"requiring"monitoring"time.""
(
1.3.13.2(Hydrograph(Separation(It"is"generally"understood"within"the"literature"that"the"various"hydrograph"separation"techniques"are"arbitrary"and"have"little"or"nothing"to"do"with"the"process"by"which"streamflow"is"generated"(Dunne"&"Leopold.,"1978).""However,"if"one"method"is"employed"consistently,"then"it"is"possible"to"obtain"usable"results.""Hydrograph"separation"typically"utilizes"only"readily"available"streamflow"data,"or"in"the"case"of"this"study,"tile"flow"data.""Peak"flows"are"identified"as"being"a"combination"of"surface"runoff,"groundwater"inflow"and"water"table"contributions"that"persist"after"rainfall"has"ended.""Separation"of"surface"runoff"and"groundwater"is"largely"subjective,"but"it"is"usually"assumed"that:"""
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i) Baseflow"recession"continues"after"the"rise"of"the"streamflow"hydrograph;"ii) Baseflow"will"peak"after"the"streamflow"hydrograph"because"subsurface"flows"are"slower"than"surface"flows;"and""iii) The"baseflow"hydrograph"will"rejoin"the"total"hydrograph"as"direct"runoff"ceases." (Evans"and"Neal,"2005)"""A"number"of"methods"have"developed"based"generally"on"the"above"parameters"and"are"graphical"methods"or"use"simple"data"processing,"or"filtering"procedures.""One"of"the"more"common"methods"relies"on"the"principle"that"runoff"events"are"of"relatively"short"duration"whereas"groundwater"responds"more"slowly"to"rainfall"recharge.""Empirical"studies"have"determined"that"the"duration"of"surface"water"flow"following"rainfall"will"be"a"function"of"the"catchment"area.""A"commonly"used"relationship"is"that"of"Linsley"et"al"(1975):"
t = 0.8278A0.2 " Equation"1.5"where:"" i) t"is"the"time"(in"days)"between"the"storm"crest"and"the"end"of"surface"runoff"ii) A"is"the"catchment"area"in"square"kilometers""This"method"aids"in"the"identification"of"when"streamflow"is"comprised"solely"of"groundwater,"however,"issues"arise"when"wanting"to"separate"surface"runoff"from"groundwater"inflow.""
(
1.3.13.3(Chemical(tracer(method("The"chemical"tracer"method"examines"the"amount"and"rate"of"changes"in"tracer"concentration"in"river"flow"over"time"and"interprets"these"in"terms"of"changes"in"relative"proportions"of"surface"runoff"and"groundwater"flow.""At"any"point"in"time,"
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the"proportion"of"river"flow"that"is"due"to"groundwater"discharge"is"calculated"using"the"mass"balance"equation:" "
γ
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= " Equation"1.6"Where:  i)""c,"cr"and"cg"are"the"tracer"concentrations"in"the"river,"in"runoff"and"in""""groundwater,"respectively"ii)"Qt"is"the"measured"total"river"flow"iii)"Qg"is"the"volume"of"groundwater"inflow""
 " The"success"of"this"method"relies"on"the"adequate"chemical"differentiation"of"the"source"waters,"and"quantification"of"the"end;member"concentrations."""Usually"the"chemicals"utilized"for"monitoring"flow"are"chosen"based"on"the"relative"chemical"inertness,"therefore,"2H,"18O,"silica"and"chloride"are"preferred."""From"this,"McCallum"et"al."(2010)"identified"that"although"groundwater"concentrations"have"historically"been"determined"by"sampling"during"baseflow"conditions"streamflow"can"become"diluted"by"bank"storage"or"return"flows.""""The"chemical"composition"of"rainfall"can"also"change"greatly"throughout"the"duration"of"a"storm"event,"and"if"this"change"is"significant"the"rainfall"chemistry"itself"needs"to"be"measured"over"the"duration"of"study"(Buttle"and"Peters.,"1997).""
(
1.3.13.4(Flow(difference(method(" Often"regarded"as"the"most"straight"forward"for"defining"surface;groundwater"interactions.""Flow"rates"at"various"stages"along"the"stream"or"tile"are"measured"at"the"same"time"if"possible.""Measurements"are"carried"out"when"the"
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surface"runoff"is"likely"to"be"negligible"and"is"assumed"to"be"equal"to"the"groundwater"discharge"rate"in"the"catchment"upstream"of"the"gauging"station."""Groundwater"inflow"is"then"estimated"from"the"differences"between"adjacent"gauging"stations."" "
1.3.13.5(Filter(method(" "Although"there"are"questions"regarding"the"accuracy"of"filtering"(Halford"and"Maher,"2000;"Werner"et"al.,"2006),"hydrograph"separation"based"on"streamflow"data"is"one"of"the"most"commonly"used"methods"for"quantifying"baseflow."Automated"methods,"such"as"that"of"Lyne"and"Hollick"filter"method"(Nathand"and"McMahon,"1990)"and"the"low"pass"filtering"method"identified"by"Eckhardt"(2005;"2008)."""The"method"most"widely"used,"and"openly"available"is"that"of"Eckhardt"(2005)"that"provides"an"algorithm,"describes"an"exponential"baseflow"recession"that"can"be"determined"by"recession"analysis"and"a"typical"maximum"value"of"the"baseflow"index.""Most"useful"to"identify"and"compare"individual"storm"events"across"study"basins,"or"within"the"same"basin,"the"following"equation"is"used:""
b1 =
[(1−BF Imax )Kbt−1 + (1−K )BF Imax y1]
(1−KBF Imax )
" Equation"1.7""where:""i) BFI"is"baseflow"index,""ii) y"is"total"streamflow,""iii) b"is"baseflow,"iv) "t"is"time"step"number"and""v) K"is"the"recession"constant.""The"recession"constant"is"defined"as:"
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K = QtQt−1
" Equation"1.8""Where"Qt"is"the"discharge"at"the"beginning"of"the"specified"interval,"and"Qt;1"is"the"discharge"at"the"end"of"the"interval."Calculated"on"a"daily"basis."The"two"parameter"filtering"method"was"proposed"by"Eckhard"in"2005"and"incorporates"a"second"parameter"identified"as"the"maximum"value"of"the"baseflow"index"(BFImax)."The"user"sets"the"BFImax"parameter,"however,"the"ideal"values"are"specified"according"to"basin"characteristics,"including"the"aquifer"and"stream"type."Typical"values"are"between"0.925"and"0.99.""Values"in"literature"support"0.925"as"those"have"been"found"to"correlate"to"BFI"values"achieved"from"manual"hydrograph"separation"methods"(Nathan"and"McMahon.,"1990).""
(
1.3.13.6(The(WHAT(model((WebZBased(Hydrograph(Analysis(Tool)((http://pasture.ecn.purdue.edu/~what')" "" This"method"allows"the"user"to"specify"filter"parameters"and"representative"BFImax"values"according"to"physical"characteristics."""The"user"is"able"to"upload"the"data"into"the"program"on"a"daily,"or"hourly"time"step"and"the"WHAT"model"will"calculate"baseflow"and"direct"runoff"from"the"stream"flow"(or"tile"flow"in"this"case)."""Defining"events"based"on"the"above"methods"provide"varying"results"for"total"event"discharge"based"on"event"hydrographs.""One"commonality"among"the"separation"techniques"is"the"identification"of"the"beginning"of"the"event."""This"is"the"point"of"inflection,"which,"during"all"events"that"occur"at"McIntosh"is"easily"identified"through"visual"analysis.""This"method"however"is"limited"by"the"daily"and"hourly"times"step"and"may"overestimate"the"time"and"discharge.""""
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The"inconsistencies,"and"complexities"within"the"flow"data"set"restrict"the"usability"of"this"method"within"this"study.""Graphical"baseflow"separation"methods"will"be"employed,"as"each"of"the"methods"described"above"require"data"not"available"for"this"particular"study."""
1.3.13.7(The(Concave(method(of(separation(" Considering"all"of"the"models"described"above,"the"concave"method"of"identifying"baseflow"from"flow"data"is"one"of"several"methods"identified"by"Dingman"(1994)"and"will"be"applied"in"this"study.""It"was"deemed"to"be"the"most"appropriate"for"use"within"this"study"because"of"its"general"simplicity"and"ability"to"be"implemented"with"consistency"for"this"study."""The"concave"method"of"separation"utilizes"inflection"points,"which"in"the"case"of"the"flow"from"this"field"site"are"easily"distinguishable"within"the"data"set.""The"inflection"point"is"selected"on"the"rising"limb"as"the"point"of"separation"from"baseflow"and"beginning"of"event"flow.""A"linear"interpolation"is"extended"from"the"pre;inflection"point"flow"rate"to"under"the"peak"of"the"hydrograph.""From"there,"linear"interpolation"is"again"utilized"to"connect"the"point"under"the"peak"to"the"inflection"point"on"the"recession"limb"of"the"hydrograph."""Flow"between"the"recession"limb"inflection"point"and"the"inflection"point"on"the"rising"limb"of"the"next"flow"event"is"also"determined"to"be"baseflow.""Through"the"understating"of"current"literature"there"have"been"gaps"identified"that"will"be"explored"within"this"thesis"further."These"include;"the"effectiveness"of"tile"drainage"systems"and"the"impacts"of"various"tillage"practices"on"the"hydrology"of"this"particular"agricultural"system;"Antecedent"conditions"and"their"
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impact"on"the"hydrologic"response"of"tile"systems;"influence"of"tillage"method"on"physical"soil"characteristics"of"site"specific"soils"and"the"associated"impact"on"hydrologic"responses.""
1.4((Thesis(Structure(This"thesis"is"written"to"incorporate"elements"of"the"hydrological"cycle"in"each"individual"chapter.""By"separating"the"elements"of"the"hydrologic"cycle"into"individual"chapters,"methods"for"calculation"of"those"specific"components"are"identified"in"their"respective"chapter,"rather"than"in"a"consolidated"methods"chapter.""This"helps"the"flow"of"the"thesis"by"identifying"the"topic"to"be"explored,"the"methods"used"for"each"component"and"the"results"of"the"specific"methods"in"each"section"rather"than"being"fragmented.""Key"methods"to"be"identified"are"identified"below"for"reference."
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Chapter(2((Site(Description(
(
2.1(Site(description(
(Located!just!west!of!Avonbank,!Ontario,!Canada;!43°19′44″N!81°07′45″W!on!side!road!16!between!Stratford,!Ontario!(12km!Southwest)!and!St.!Mary’s,!Ontario!(5km!North)!is!the!McIntosh!Farm!in!the!Perth!South!municipality!of!Perth!county.!McIntosh!farm!was!selected!for!this!study!based!on!several!logistical!considerations,!including!land!use!type!requirements!of!intensive!agriculture!with!tile!drain!system,!which!lend!themselves!well!to!appropriate!analysis!of!hydrologic!conditions!typical!of!an!agricultural!setting!in!southern!Ontario.!!Before!turning!to!the!results!of!this!study,!it!is!first!useful!to!understand!the!attributes!of!the!land!where!the!study!took!place.!Throughout!southern!Ontario,!agricultural!land!is!regarded!as!some!of!the!best!in!the!world.!!The!soils!located!at!the!McIntosh!farm,!and!surrounding!area,!are!classified!as!having!Class!1!and!Class!2!capabilities!(OMAFRA.,!2013).!!This!means!that!the!soils!here!have!moderate!limitations!that!reduce!the!choice!of!crops,!or!require!moderate!conservation!practices!in!order!to!obtain!optimal!yields.!!Considering!the!excellent!nature!of!farming!the!soils!in!the!area,!these!limitations!are!deemed!to!be!moderate;!the!soils!can!be!managed!and!cropped!with!little!difficulty.!!Under!good!management,!the!soils!in!this!area!are!fair!to!moderately!high!in!productivity!for!a!wide!range!of!field!crops!(Brown!et!al.,!2009).!!The!site!specifically!related!to!this!work!demonstrates!gentle!slope!(0.63%!grade!Field!A!(CT),!0.58%!grade!Field!B!(NT),!0.53%!grade!Field!C(MT))!from!the!NNE!orientation!towards!the!farmhouse!and!road!located!at!the!SW!edge!of!the!property!(see!Figure!
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7).(!The!topography!of!the!field!was!measured!utilizing!a!Leica!SR530!dual!frequency!RTK!system!(real!time!kinematic)!with!an!accuracy!of!0.7!–!1.5cm.!!
!
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Figure!6:!Soil!Classification!from!OMAFRA!studies!of!the!McIntosh!Farm.!Revealing!prectile!system!soil!drainage!capabilities!
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!!
Figure!7:!McIntosh!Field!topography!and!Field!locations!
! 54!
The!individual!fields!are!520m,!530m!and!490m!in!length!for!fields!A!(CT),!B!(NT)!&!C!(MT)!respectively.!Field!measurements!begin!at!the!weir!box!shed!locations!(Figure!7),!and!extend!towards!the!NW!edge!of!the!field!where!the!field!crests!and!then!slopes!towards!a!small!forest!located!to!the!northeast!away!from!the!weirs.!!Widths!from!tile!to!tile!are!18.28m!for!field!A!(CT),!and!15.24m!for!fields!B!(NT)!and!C!(MT).!!The!dimensions!of!the!fields!give!total!area!of!9509.76m2,!8077.2m2,!and!7467.7m2!for!fields!A!(CT),!B!(NT)!and!C!(MT)!respectively.!!Located!at!the!eastern!edge!of!the!field!there!is!a!small!coniferous!tree!hedgerow!separating!farm!properties,!serving!as!a!wind!break,!and!aiding!in!snow!accumulation!on!the!downwind!side!throughout!the!winter.!!Perth!County!itself!is!underlain!by!the!Norfolk!limestone!formation,!which!consists!of!grey,!brownish!grey,!and!brown!crystalline!to!fine!grained!limestone,!magnesium!limestone!and!dolomite!in!fairly!even!beds!ranging!from!a!few!centimetres!to!about!1.3m!in!thickness!(Hoffman!&!Richards,!1952).!McIntosh!farm!is!located!in!the!Upper!Thames!River!watershed,!in!the!Glengowan!sub!watershed.!The!Glengowan!watershed!is!114!km2!and!constitutes!3%!of!the!Upper!Thames!river!watershed.!!The!small!tributaries!of!which!the!McIntosh!farm!drains!into!eventually!drain!into!the!North!Thames!River,!which!will!eventually!join!with!the!Thames!River!in!London!Ontario.!The!Thames!watershed!is!a!part!of!the!Lake!Erie!watershed,!and!generally!takes!4c10!days!to!flow!from!the!headwaters!to!the!mouth!at!Lake!St.!Clair.!!From!there,!the!water!takes!approximately!2!weeks!to!reach!Lake!Erie!(Upper!Thames!River!Conservation!Authority,!2012).!
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2.2(Soils,(Vegetation(&(Climate(
!Southern!Ontario!soil!formations!that!cover!the!bedrock!is!the!result!of!the!previous!Wisconsin!glaciation!period!that!created!surface!deposits!consisting!of!loamy!limestone!till,!subaqueous!till,!glaciocfluvial!deposits,!and,!organic!deposits.!The!largest!deposit!found!in!Perth!County!is!a!subaqueous!till.!!The!subaqueous!till!is!limestone!in!origin,!yet!has!been!modified!by!lacustrine!waters!creating!a!texture,!which!has!a!much!lower!stone!content!than!other!till!textures,!specifically!that!of!the!loamy!limestone!till.!!!!Within!the!Glengowan!watershed,!the!soil!types!are!characterized!by!50%!silty!loam,!39%!clay!loam,!8%!bottom!land,!2%!loam!and!1%!not!mapped!/!urban!(Upper!Thames!River!Conservation!Authority,!2012).!!!!At!the!McIntosh!field!site!itself,!there!is!majority!of!clay!loam!and!silt!loams!are!present!as!evidenced!by!particle!size!analysis.!!Site!analysis!of!soil!particle!size!confirms!the!Ministry!of!Natural!Resources!classification!that!the!field!site!is!comprised!primarily!of!a!Perth!Clay!Loam!!(Imperfectly!Drained!GreycBrown!Podzolic!Great!Soil!Group)!with!the!south!west!portion!of!the!field!in!the!low!relief!areas!being!made!of!Brookston!Silt!Loam!(Poorly!drained!–!Dark!Grey!Gleisolic!Great!Soil!Group)!(Hoffman!&!Richards,!1952;!Ministry!of!Agriculture,!2010).!!Perth!Clay!Loam!Is!characterized!(under!woodlot!growth)!as:!!
Ao(:!Thin!layer!of!partially!decomposed!leaves!and!woody!material.!!
A1(:!0c10.16!cm!very!dark!brown!(10!YR!3/1)!clay!loam;!fine!granular!structure;!friable!consistency;!occasional!stones;!pH!c6.9!.!!
A2(:!10.16!–!25.4!cm!light!yellowish!brown!(10!YR!6/4)!clay!loam;!mottled;!weak!platy!structure;!friable!consistency;!pH!c6.8.!
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!
B(:!25.4!–!53.34!cm!dark!brown!(10!YR!4/3)!clay;!mottled!coarse!blocky!structure;!hard!consistency!when!dry;!plastic!when!wet;!few!stones;!pH!c7.0.!!
C((:!Pale!brown!(10!YR!6/3)!clay;!fragmental!structure;!hard!consistency!when!dry,!plastic!when!wet!few!to!frequent!stones;!calcareous!;!pH!c7.8.!(Hoffman!&!Richards,!1952)!!!!!!!!!
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Figure!8:!!Soil!Pit!!at!McIntosh!Farm!showing!layering!and!till!zone!on!field!site!'C!c!Modified!till'.!!A!Horizon!clearly!defined!and!transition!clearly!noticeable.!!Depth!of!pit!is!71cm!below!ground!surface!some!stones!became!present!in!the!‘C’!horizon!
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2.2.1(Drainage(
(Natural!drainage!in!the!area!has!been!established!through!soil!surveys!of!the!regions!as!well!as!in!situ!sampling!and!analysis!to!confirm!published!results!for!a!smaller!field!scale!at!McIntosh!Farm!specifically.!!Perth!Clay!Loam!is!characterized!by!its!limited!draining!capabilities!that!are!reduced!compared!to!those!of!other!loam!soils!in!the!surrounding!region;!the!addition!of!tiles!improves!drainage!capabilities.!!Drainage!characteristics!have!been!altered!at!the!McIntosh!site!by!addition!of!tile!drains!to!improve!the!use!of!soils!for!agricultural!purposes.!!Tiles!are!spaced!at!an!interval!of!15.25m!(fields!B!(NT)!&!C!(MT)),!18.28m!field!A!(CT)!and!at!a!depth!of!~1.1m!below!the!surface!on!all!fields.!!The!tiles!used!at!the!McIntosh!site!are!a!4in!diameter!(10.16cm)!and!flow!into!header!tiles!before!draining!into!a!larger!pipe!at!the!south!end!of!the!property.!!!!2.2.2(Vegetation!!Vegetation!in!the!Glengowan!watershed!occupies!1,416!ha,!or!11.9%!of!the!total!watershed!area.!!Forest!types!include!68%!deciduous,!11%!coniferous/plantation,!2%!mixed,!18%!meadow,!1%!shrubland,!1%!hedgerow.!!!The!McIntosh!site!itself!is!an!annual!monoculture!crop!with!mixed!vegetation!forest!located!at!the!north!edge!of!the!field!and!a!hedgerow!of!coniferous!trees!located!along!west!edge!of!the!field!(Upper!Thames!River!Conservation!Authority,!2012).!!!Vegetation!in!agriculture!is!further!characterized!by!seed!sewing!and!harvest!dates!that!are!site!specific.!!!!
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2.2.3(Climate(
!The!Perth!region!experiences!a!humid!continental!climate,!with!a!wide!temperature!range!and!both!extreme!and!variable!weather!conditions.!Longcterm!(1971c2001)!mean!annual!precipitation!for!the!region!is!1064.2mm,!of!which!66.7%!(702.3mm)!falls!during!the!growing!season!(AprilcNovember).!Climate!averages!were!determined!from!the!years!1970c2000!from!the!Stratford!Environment!Canada!site!(Environment!Canada,!2013).!!The!Stratford!meteorological!station!is!located!~19km!NE!from!the!study!site.!!Some!variance!in!the!climate!normals!should!be!expected!as!the!region!experiences!convective!storms!in!the!summer!and!lake!effect!snow!from!the!Great!Lakes!in!the!winter!that!are!highly!localized.!!!
2.2.4(Land(use(
!Settlement!in!the!region!began!to!take!place!in!1829!to!1850!with!the!first!settlements!occurring!in!south!Easthope!of!Perth!County.!!!In!1881,!21%!of!the!entire!acreage!was!covered!with!timber!consisting!of!beech,!elm,!maple,!basswood,!black!and!white!ash,!pine,!hemlock,!cedar,!birch!and!tamarack.!!!!As!of!the!2011!census!conducted!by!OMAFRA,!the!number!of!farms!and!types!within!Perth!region!consists!of!:!!!!!!!! Table!1:!2013!census!of!agriculture!number!of!farms!in!Perth!County!!While!the!types!of!farmland!(acres)!as!classified!by!use!of!land!by!county!in!2011!was:!
Counties(&(
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Beef(
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pig(
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and(egg(
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Sheep(
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ng(
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grain(
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melon(
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Fruit(
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tree(
nut(
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ng(
Green(
house(
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n(
Oth
er(
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s(
Total(
Perth( 391! 222! 216! 105! 63! 930! 18! 5! 23! 279! 2,252!
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!!!!!!!! Table!2:!2013!census!of!agriculture!number!of!farm!size!in!Perth!County!!Perth!County!is!therefore!contributing!15.2%!of!all!cropland!in!western!Ontario,!and!5%!within!the!entire!province!of!Ontario.!!
(
2.2.5(Relief(
!The!relief!of!Perth!County!can!be!described!as!generally!level!to!smooth!gently!sloping.!!With!the!exception!of!some!moderately!sloping!areas,!which,!occur!in!Wallace,!Blanshard!and!North!Easthope!Townships,!and!to!a!lesser!extent!in!Hibbert!and!Fullarton!Townships.!!It!is!important!to!note!that!tile!drainage!of!the!soils!found!in!Perth!county,!generally!to!be!of!good!to!relatively!good!drainage,!first!began!in!1881!where!the!Report!of!Agriculture!commission!stated!that!approximately!16.5%!of!the!total!acreage!had!been!drained,!1/3rd!of!which!being!with!tile!(Hoffman!&!Richards,!1952).!The!field!site!used!for!the!study!was!divided!into!three!parcels!(field!A,!B,!C)!for!the!purposes!of!having!varied!tillage!practices!throughout!the!duration!of!the!study;!Conventional!Till!(CT),!NocTill!(NT),!and!Modified!Till!(MT).!!!Field!A!(CT)!was!subcsoiled!to!30cm!and!disked!twice!prior!to!April!2012,!and!tilled!again!the!first!week!of!April!2012.!!No!till!occurred!on!field!B!(NT).!!!Field!C!(MT)!was!disk!tilled!
Counties(
&(
Districts(
In(
Crops(
Summer(
fallow(
Tame(
or(
seeded(
pasture(
Natural(
land(for(
pasture(
Christmas(
tree(area,(
woodlands(
and(
wetlands(
All(
other(
land((
Total(
Perth( 442,972! 157! 11,764! 6,545! 30,646! 14,207! 506,291!
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once!in!the!fall!of!2010.!!Routine!historical!fertilizer!application!was!maintained!throughout!the!study.!Fertilizer!application!followed!the!schedule:!!!!i) Nov!2006!c!3500!gal!dairy!manure!c!NPK!(69lbs/acre!N,!16!lb/acre!P,!53!lbs/acre!K)!ii) April!2006!c!NPK!(100/13/3)!iii) No!fertilizer!2007!(soy!crop)!iv) April!2008!c!NPK!(130/13/3)!this!was!done!in!2!applications!–!during!planting!and!1!month!after!planting!v) Nov!2009!c!4000!gal!dairy!manure!c!NPK!(80/20/73)!vi) April!of!2010!(30!gal!28%!UAN!(90lbs/acre!N)!vii) No!fertilizer!2011!(soy!crop)!viii) Apr!2012!c!Potash!100lbs!(60%K!c>!100lbs!x!60%N!=!60lbs!K),!N!130!lbs!UREA!(40%N!=!60!lbs!N),!Sulfur!30lbs!(90%!=!27lbs!sulfate)!!!!The!property!owner!constantly!monitored!the!study!site!as!it!is!steadily!in!use!for!normal!farming!practices.!!Routine!field!days!were!established!to!monitor!soil!moisture,!acquire!data,!and!check!flow!from!the!weirs.!!Crop!rotation!is!maintained!on!this!site!follows!the!schedule!of;!wheat,!soy,!corn,!soy.!The!summer!2011!saw!soy!as!the!crop,!2012!corn,!and!2013!soy.!!! !
( 2.3(Conclusion(!! The!section!above!emphasizes!the!importance!of!specific!site!characteristics!to!the!development!of!appropriate!analysis!of!the!system.!!By!furthering!the!understanding!of!the!sites!physical!characteristics,!we!are!now!able!to!analyze!and!relate!findings!to!sites!of!similar!characteristics!within!the!region.!!The!outcomes!and!findings!of!this!thesis!will!be!contextualized!based!on!the!characteristics!of!the!McIntosh!farm.!!!
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Chapter(3(Physical(Soil(Characteristics(
( Determining!the!physical!soil!characteristics!of!the!individual!field!sites!for!comparison!is!integral!to!the!final!understanding!of!the!hydrology!of!the!study!site.!By!allowing!variations!in!soil!characteristics!amongst!the!three!tillage!methods!to!be!analyzed!we!are!able!to!identify!potential!sources!of!the!cause!of!hydrologic!variation.!Also,!it!allows!for!a!greater!comprehension!of!site!characteristics!in!relation!to!other!studies!completed!with!similar!intentions!of!analysis!of!three!tillage!methods.!!
!
3.1(Physical(Soil(Characteristics(! Analysis!of!the!hydrological!water!balance!of!three!study!site!fields!(chapter!8)!was!performed!to!elucidate!differences!in!tile!response!and!soil!storage!capacity.!This!required!an!analysis!of!the!physical!characteristics!of!the!soil!including!porosity,!field!capacity!and!bulk!density.!Physical!quality!of!agricultural!soils!refers!primarily!to!the!soil’s!strength!and!fluid!transmission!and!storage!characteristics!in!the!crop!root!zone!(Topp!et!al.,!1997).!Typically,!a!soil!with!“good!physical!quality”!is!one!that!is!strong!enough!to!maintain!good!structure,!hold!crops!upright,!and!resist!erosion!and!compaction;!but!also!“weak”!enough!to!allow!unrestricted!root!growth!and!proliferation!of!soil!flora!and!fauna!(Reynolds!et!al.,!2002).!In!an!agricultural!setting,!the!soil!texture!is!an!important!determining!factor!of!water!availability.!!Soil!texture!is!shown!to!affect!the!matric!potential!of!the!soil!by!determining!the!capillary!pore!size!and!absorptive!properties!(Tolk,!2003).!!When!the!soils!are!wet,!the!soil!has!high!potential!energy;!
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water!is!relatively!free!to!move!throughout!the!soil!and!is!easily!taken!up!by!plant!roots.!!!As!water!uptake!continues,!the!remaining!water!is!held!to!the!soil!particles!with!greater!force,!lowering!the!potential!energy!and!making!it!more!difficult!for!the!plant!to!extract!it.!!!Texture!therefore!controls!the!amount!of!water!held!in!and!the!movement!through!the!soil!at!low!soil!water!potentials.!!In!order!for!the!crop!to!extract!the!soil!water,!plant!roots!must!be!distributed!throughout!the!soil,!which!is!a!function!of!the!soil!properties!to!be!further!examined!in!this!chapter.!!!Within!the!till!zone,!typically!the!upper!~20cm,!there!have!been!discoveries!of!variance!in!soil!physical!characteristics,!although!this!is!found!to!be!largely!dependent!on!soil!type.!!!This!is!to!be!expected!for!this!system!as!well.!!However,!understanding!potential!differences!between!NT!and!MT!systems!remains!to!be!analyzed!in!depth!and!therefore!will!be!equally!regarded!in!this!thesis.!!!!
!
3.2(Methods(!
( ( 3.2.1(Soil(Cores(!Soil!cores!were!collected!from!the!three!different!fields!A!(CT),!B!(NT),!and!C!(MT).!Three!sites!within!each!tillage!plot!were!selected!for!soil!analyses!from!each!individual!field!based!on!subjective!visual!topographic!analysis!for!low,!medium!and!high!elevations.!!This!was!done!to!enhance!the!sample!size!as!well!as!to!gain!further!understanding!of!the!variance!among!the!three!major!soil!horizons.!Prior!to!sampling,!aluminum!cores!were!cut!to!an!approximate!size!of!5cm!in!height,!and!4.5cm!in!diameter.!For!each!core,!dimensions!were!measured!to!ensure!the!correct!volume!for!each!individual!core!was!accurate.!!Soil!sampling!was!conducted!prior!to!
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the!planting;!this!was!completed!on!May!31st!2011,!with!planting!occurring!on!June!1st!during!the!first!field!season.!At!each!site,!three!pits!were!selected!and!excavated!within!2^3m!of!each!other.!Specific!locations!of!each!plot!were!recorded!using!a!Garmin!60cxGPS!(±2m).!!After!site!selection,!pits!were!dug!to!approximately!70cm!below!the!surface!into!the!C^horizon.!!Three!samples!were!taken!from!each!soil!horizon!(A,!B,!C)!within!each!pit.!!As!samples!were!collected,!specific!locations!within!the!pit!were!labeled!appropriately.!!Once!the!pit!was!fully!dug!and!samples!collected,!photographs!were!taken!to!illustrate!horizon!boundaries.!!!The!aluminum!cores!were!driven!into!the!ground!vertically!within!each!of!the!three!horizons!(A,!B,!C)!using!a!block!of!wood!and!a!hammer.!!Care!was!taken!to!limit!soil!disturbance.!!!Inevitably!some!soil!compaction!will!occur!along!the!edges!of!the!cores!as!they!were!driven!into!the!soil,!then!extracted!with!a!small!trowel!and!knife.!Once!extracted,!fine!mesh!was!placed!on!the!bottom!of!each!core,!then!secured!and!labeled!appropriately.!The!small!core!size!would!limit!disturbance!from!compaction!analysis.!In!the!lab,!cores!were!weighed!using!a!scale!with!high!accuracy!and!the!data!was!entered!into!excel.!!This!initial!value!was!identified!as!the!‘original’!soil!core!weight.!!Once!the!cores!were!weighed!they!were!placed!in!large!tupperware!containers,!mesh!side!down,!and!prepared!for!wetting!up.!!Water!was!then!added!to!the!height!of!the!cores!in!order!to!ensure!maximum!saturation!and!left!for!36!hours!to!fully!saturate.!!Lids!were!placed!on!the!tupperware!containers!so!that!minimal!evaporation!would!occur!during!the!process.!!
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Soil!cores!were!fully!saturated!after!36!hours!of!being!nearly!entirely!submerged!in!water,!the!water!level!remaining!as!close!to!the!surface,!without!covering!the!core.!!At!this!point,!the!cores!were!extracted!from!the!water!bath!and!without!any!drainage!occurring!from!the!cores!weighed!again!to!determine!the!soil^!saturated!value.!To!assess!field!capacity!the!cores!were!then!allowed!to!drain!until!dripping!stopped!which!was!approximately!4!hours.!!At!this!time!the!cores!were!again!weighed!and!recorded.!!Once!this!process!was!finished,!the!cores!were!placed!in!the!drying!oven!at!107°C!for!36!hours!to!ensure!they!were!completely!dry.!!Once!dry!they!were!removed,!and!weighed!again.!!After!these!processes!had!been!completed,!calculations!were!conducted!for!various!soil!hydrologic!properties!including!porosity,!field!capacity!and!bulk!density.!!
3.2.2(Soil(Hydrologic(Property(Analysis(! Soil!hydrologic!properties!were!conducted!according!to!Dingman,!1994!and!Weil!&!Brady,!2008.!!!Bulk!density!was!calculated!as!(Cd/V),!where!Cd!is!the!oven^dry!mass!of!soil,!and!V!is!the!volume!of!the!core,!which!the!sample!was!contained.!!!!Porosity,!was!obtained!by!the!method!of!(Sd^Od)/V,!where!Sd!is!the!fully!saturated!mass!of!the!soil!core,!Od!is!the!oven!dry!mass!of!the!soil!core!and!V!is!the!volume!of!the!core!of!which!porosity!is!being!calculated.!!Field!capacity,!was!determined!by!the!method,!(Dd^!Cd)/V,!where!Dd!is!the!weight!of!the!core!after!being!allowed!to!drip!for!the!appropriate!amount!of!time,!Cd!is!the!oven^dry!mass!and!V!is!the!volume!of!the!core.!
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! Because!of!the!labeling!and!sampling!method!utilized!to!obtain!the!cores,!average!values!for!each!horizon,!and!field!were!created.!!Each!value!for!the!individual!horizons,!at!each!location!can!then!be!applied!to!formulate!a!larger!field!scale!application!of!soil!hydrologic!properties,!which!will!be!utilized!in!field!scale!hydrologic!analysis!later.!!
3.3(Physical(Property(Analysis(! Averages!of!bulk!density!and!porosity!were!conducted!across!all!horizons!of!the!soil!profiles!in!order!to!determine!variance!both!within!and!amongst!the!three!study!field^plots.!!Similarly,!weighted!averages!were!carried!out!for!porosity!and!field!capacity!!(FC)!across!all!horizons!and!plots.!!Soil!physical!properties!were!weighted!based!on!the!average!depth!of!each!soil!horizon,!as!noted!from!the!core!extraction!times,!and!as!is!visually!evident!in!figure!8.!!As!expected,!the!bulk!density!of!the!fields!varies,!particularly!within!the!upper!layers!where!the!various!tillage!methods!will!have!a!profound!impact!on!the!measurements.!!According!to!the!state!of!the!fields!at!time!of!measurement,!it!was!apparent!that!there!had!been!no!tilling,!or!completed!within!a!close!timeframe!to!sampling.!!The!owner!of!the!farm,!Bob!McIntosh,!later!confirmed!this!as!Site!A!(CT)!was!sub^soiled!to!30cm,!and!disked!twice!prior!to!the!replacement!of!the!tiles!on!February!18th!2011.!Tillage!did!not!occur!again!until!April!2012.!!Site!B!is!under!No^Till!practice,!and!Site!C!(MT)!and!last!been!tilled,!by!disk,!in!the!fall!of!2010.!!The!resulting!upper!layers!of!bulk!density!may!not!be!as!representative!of!growing!season!upper!layers!as!compaction!
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may!occur!from!vehicle!travel!on!the!field!during!planting.!!This!is!heavily!localized,!however!must!be!considered!as!a!potential!source!of!error.!!!Bulk!density!is!also!a!useful!parameter!for!analysis!within!an!agricultural!context.!!!Bulk!densities!that!are!between!1.3^1.6!t/m3!(Drury!et!al.,!2004)!are!considered!to!be!very!high,!and!can!restrict!root!growth.!While!soils!that!have!a!bulk!density!that!is!too!low!(~<0.9!t/m3)!will!provide!inadequate!soil^root!contact!and!water!retention!for!seeding!growth!and!plant!stability!(Drury!et!al.,!2004).!Possible!causes!for!the!increased!bulk!density!of!the!soils!is!that!under!long^term!cropping!and!shifting!tillage!practices,!can!produce!rapid!and!substantial!reductions!in!near^surface!physical!quality!of!clay!loam!soil!(Drury!et!al.,!2004).!!!This!is!caused!by!the!increase!in!crop!residue!at!the!soil!surface!for!fields!shifted!to!NT!scenarios.!The!shift!can!also!cause!an!increase!in!upper!layer!porosity!and!a!decrease!in!bulk!density!in!the!sort!term.!!Long^term,!compaction!can!occur,!and!increase!bulk!density!under!CT!and!MT!but!also!increase!macroporosity!under!NT.!!The!shift!away!from!optimal!bulk!densities!of!soils!can!impact!the!growth!of!crops.!This!is!true!for!a!variety!of!soil!types,!and!an!associated!increasing!bulk!density!above^optimal!values!that!can!reduce!root!zone!growth!potential!is!also!noted.!!! Porosity!ranged!between!the!accepted!values!of!30!^!60%.!!The!volume!fraction!of!pores!is!notably!variable!within!soils!containing!large!amounts!of!clay,!as!the!soil!swells,!shrinks,!aggregates,!disperses,!compacts!and!cracks!(Hillel,!1998).!!!!The!addition!of!tile!drainage!however!has!been!shown!to!remove!excess!water,!resulting!in!improved!soil!porosity!and!overall,!better!soil!structure,!more!conducive!to!productive!rooting!structure!(Hill!1976;!Gardner!et!al.,!1994).!!In!all!
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three!fields!porosity!was!higher!in!the!C^horizon,!and!was!highest!on!average!under!fields!A!and!B,!CT!and!NT!respectively.!!!The!A!Horizon!saw!similarities!amongst!the!fields,!with!no!significant!difference!between!fields!A!and!B!(CT!&!NT;!47.89%,!47.91%).!!
!
3.4(Results(!
Field(A((CT):(
Porosity( ( Average(Horizon(Depth(
(m)(
weighted(avg(
A(horizon( 47.89%! 0.27! 0.1293!
B(horizon( 49.36%! 0.23! 0.1135!
C(horizon( 50.21%! 0.51! 0.2561!
Average( 49.15%! ! 49.89%!
( ! ! !!
Field(Capacity( ! ! weighted!avg!
A(horizon( 38.69%! 0.27! 0.1045!
B(horizon( 42.97%! 0.23! 0.0988!
C(horizon( 43.64%! 0.51! 0.2226!
Average( 41.77%! ! 42.59%!
(( ! ! !
Bulk(density( g/cm^3( ! !
A(horizon( 1.58! ! !
B(horizon( 2.05! ! !
C(horizon( 2.08! !! !
(
(
Field(B((NT):(
(
Porosity( (( Average(Horizon(Depth(
(m)(
Weighted(Avg(
A( 47.91%! 0.27! 0.1294!
B( 48.61%! 0.23! 0.1118!
C( 52.87%! 0.51! 0.2697!
Average( 49.80%! ! 51.08%!
(( ! ! !!
(Field(
Capacity(
! ! Weighted!Avg!
A( 43.94%! 0.27! 0.1186!
B( 39.15%! 0.23! 0.0900!
C( 40.06%! 0.51! 0.2043!
Average( 41.05%! ! 41.30%!
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(( ! ! !!
Bulk(density( g/cm^3! ! !!
A( 1.74! ! !!
B( 2.08! ! !!
C( 2.11! !! !!
(
(
Field(C((MT):(
(
Porosity( ( Average(Horizon(Depth(
(m)(
Weighted(Avg(
A( 41.67%! 0.27! 11.25%!
B( 44.29%! 0.23! 10.19%!
C( 49.73%! 0.51! 25.36%!
Average( 45.23%! ! 46.80%!
( ! ! !
Field(Capacity( ! ! Weighted!Avg!
A( 32.78%! 0.27! 0.0885!
B( 37.33%! 0.23! 0.0859!
C( 36.80%! 0.51! 0.1877!
Average( 35.64%! ! 36.21%!
( ! ! !
Bulk(density( g/cm^3! ! !
A( 1.76! ! !
B( 2.02! ! !
C( 2.03! ! !
(
(
(
(
(
3.5((Physical(Soil(Characteristics(Statistical(Analysis(
(! Tests!were!carried!out!to!assess!differences!between!the!physical!characteristics!of!the!fields.!!The!various!tillage!methods!were!believed!to!create!variations!in!characteristics!between!fields,!and!as!such,!those!assumptions!were!tested.!The!variations!are!believed!to!be!caused!by!the!implementation!of!different!tillage!methods,!or!lack!there!of.!!This!potentially!causing!differences!in!soil!pore!characteristics,!compaction!at!various!depths!and!the!development!of!more!macroporosity!over!time!(!Shipitalo!&!Protz,!1989;!Vandenbygaart!et!al.,!1999;!Kay!
Table!3,4!&!5:!!Physical!soil!characteristics!and!statistics!for!field!A!(CT),!B!(NT)!and!C!(NT)!
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&!VandenBygaart,!2002).!Descriptive!statistics!were!completed!on!each!horizon!of!each!field!in!order!to!compare!layers.!Two^sample!t^tests!were!performed!to!check!the!difference!of!the!means!for!the!tested!soil!characteristics!of!bulk!density,!porosity!field!capacity!and!thermal!conductivity.!!
! !
( (3.5.1(Bulk(Density((
(
( ( 3.5.1.1((Descriptive(Statistics(
!! The!bulk!density!for!each!field!was!least!in!the!A!horizon,!and!greatest!in!the!C^horizon.!The!upper!horizons!bulk!density!varied!among!fields!with!field!A!(CT)!seeing!the!least!bulk!density!value!mean!(1.58!g/cm3)!and!the!A!horizon!of!field!C!(MT)!site!experiencing!the!greatest!mean!(1.76!g/cm3),!yet!only!differing!slightly!from!field!B!(NT).!!The!greatest!range!in!values!generally!occurred!within!the!C^horizon.!!
Field(A((CT)O((g/cm3):!!
( A(Horizon( B(horizon( C(horizon(
max( 2.04! 2.63! 3.00!
min( 1.13! 1.71! 1.64!
range( 0.91! 0.91! 1.35!
std(dev( 0.18! 0.18! 0.37!
mean( 1.58! 2.05! 2.08!!Table!6:!Field!A!Bulk!Density!(g/cm3)!!
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Field(B((NT)O((g/cm3):(
(
( A(horizon( B(horizon( C(horizon(
max( 2.09! 2.77! 2.63!
min( 1.36! 1.63! 1.69!
range( 0.77! 1.14! 0.94!
std(dev( 0.19! 0.31! 0.33!
mean( 1.74! 2.08! 2.11!
(Table!7:!Field!B!Bulk!Density!(g/cm3)!!!
Field(C((MT)(O((g/cm3):!!
(
( A(horizon( B(hoizon( C(horizon(
max( 2.21! 2.56! 2.70!
min( 1.45! 1.49! 1.28!
range( 0.76! 1.07! 1.43!
std(dev( 0.16! 0.23! 0.38!
mean( 1.76! 2.20! 2.03!
(Table!8:!Field!C!Bulk!Density!(g/cm3)!Bulk!density!was!compared!between!fields!A!to!B,!A!to!C,!and!B!to!C!in!order!to!analyze!differences!in!physical!characteristics.!!!Results!showed!that!the!means!differed!significantly!between!fields!A!(CT)!and!B!(NT)!(p=0.028),!and!A!to!C!(p<0.01)!within!the!A^horizon.!!The!critical!value!of!2.008!at!the!two^tailed!distribution!level!was!exceeded!for!both!cases!showing!a!test!statistic!of!2.261!and!3.242!respectively,!n=!52.!!!The!test!statistic!was!not!exceeded!between!fields!B!and!C!at!0.82.!!!This!is!to!be!expected!as!the!A!horizon!for!these!fields!would!be!experiencing!the!various!tillage!management!and!therefore!supports!the!hypothesis!that!the!factor!differentiating!the!fields!may!be!related!to!the!tillage!methods.!It!is!also!a!possibility!that!differences!in!surficial!geology!are!causing!these!variations!despite!the!fact!that!the!field!plots!are!side!by!side.!!!!As!analysis!was!conducted!on!
! 71!
the!deeper!layers!(C!horizon),!the!means!did!not!differ!significantly!(p=0.99;!A!to!B;!p=0.412!A!to!C;!p=0.381!B!to!C).!!!This!is!important!to!note!as!although!the!layers!do!not!differ!significantly!in!their!means,!this!does!show!that!the!fields!are!similar!below!the!till!zone.!!This!further!strengthens!the!assessment!of!the!fields!through!the!various!tillage!practices.!!
!
Figure!9:!Bulk!Density!Comparison!of!various!horizons!(A,!B!!&!C)!from!fields!under!different!tillage!practices.!
A!horizon!
B!horizon!
C!horizon!
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!
( 3.5.2(Porosity(! !!
( ( 3.5.2.1(Descriptive(statistics(
! Within!the!A!horizon,!statistical!analysis!showed!that!the!greatest!porosity!values!occurred!in!field!A!(CT)!(avg!0.479)!and!field!B!(NT),!while!the!lowest!also!occurred!within!field!A,!within!the!B^horizon!at!a!value!of!0.272.!Mean!values!for!porosity!were!greatest!in!the!C^horizon!ranging!from!0.468!(Field!C!^!MT)!to!0.506!(Field!B!^!NT),!and!had!standard!deviations!ranging!from!0.0412!(Field!B!^!NT)!to!0.125!(Field!C!–!MT).!!The!B^horizon!saw!the!smallest!range!of!porosity!values!in!field!C.!The!field!B!range,!and!standard!deviation!was!lower!than!field!A.!Field!C,!C^horizon!also!demonstrated!high!standard!deviation!values.!
!
Field!A!(CT)!
! ! A(horizon( B(horizon( C(horizon(
Max( 0.69! 0.82! 0.62!
Min( 0.31! 0.27! 0.33!
Range( 0.38! 0.55! 0.29!
std(dev( 0.10! 0.16! 0.09!
Mean( 0.48! 0.49! 0.50!!Table!9:!Field!A!Porosity!statistics!!
Field!B!(NT)!
! ! A(horizon( B(horizon( C(horizon(
Max( 0.59! 0.63! 0.88!
Min( 0.35! 0.28! 0.26!
Range( 0.24! 0.35! 0.62!
std(dev( 0.07! 0.08! 0.15!
Mean( 0.48! 0.49! 0.51!!Table!10:!Field!B!Porosity!statistics!
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!
Field(C((MT):(
! ! A(horizon( B(horizon( C(horizon(
Max( 0.77! 0.53! 0.86!
Min( 0.31! 0.35! 0.39!
Range( 0.46! 0.18! 0.47!
std(dev( 0.08! 0.05! 0.12!
Mean( 0.42! 0.44! 0.50!!Table!11:!Field!C!Porosity!statistics!
!
! Standard!error!of!the!mean!for!field!A!is:!0.019,!0.0306,!0.027!(A,!B,!C!Horizons!respectively.)!For!Field!B:!0.014,!0.015,!0.044!(A,!B,!C!horizons!respectively.)!Field!C!saw!standard!error!of!the!means!of:!0.0163,!0.009,!0.0376!(A,!B,!C!horizons!respectively).!The!standard!error!of!the!mean!giving!confidence!to!the!means!calculated!as!minimal!variation!is!expected.!!!! ! 3.5.2.2(TOTest(
!! Similarly!to!bulk!density!in!section!3.5.1,!the!two^sample!t^test!was!used!to!analyze!differences!between!the!fields’!porosity.!!!The!greatest!differences!within!the!porosity!values!came!between!fields!A!to!C!and!B!to!C.!Comparisons!for!the!A!horizon!showed!0.0088!and!2.466!test!statistic!values!respectively,!with!the!t^critical!value!of!2.0066,!n=!52.!!!This!showed!that!the!means!within!this!horizon!showed!the!greatest!degree!of!variation!amongst!the!means.!As!field!B!(NT)!showed!the!smallest!range!within!the!samples!themselves!for!the!porosity!values.!!Fields!A!and!C,!conventional!and!modified!till!respectively,!showed!a!much!larger!range!and!standard!deviation!then!that!of!the!B!field:!0.3811!and!0.4572!range;!0.100!and!0.0845!std.!dev.!respectively,!compared!to!a!range!of!0.241!and!a!standard!deviation!
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of!0.0742!for!field!B.!Thus!demonstrating!the!greater!stratification!of!substrate!(variation!with!depth)!within!these!tillage!methods!due!to!the!increase!in!porosity!across!layers,!of!the!fields!that!are!tilled.!!Comparing!the!Modified!till!!(MT)!(field!C)!to!that!of!(NT)!(field!B)!and!conventional!till!!(CT)!there!was!significant!difference!in!porosity!(p=0.005!&!0.017!respectively)!when!examining!the!T^test.!Difference!between!fields!A!(CT)!and!B!(NT)!was!not!significantly!different!(p=0.99).!!! Horizon!B!and!C!both!did!not!show!any!significant!difference!among!the!means!for!any!field.!!!This!is!suggestive!again!of!the!importance!of!the!tillage!practices!in!altering!the!physical!characteristics!of!the!fields!for!hydrologic!analysis.!(
(
(
(
(
(
(
(
(
(
Figure!10:!Field!porosity!distributions!and!ranges!for!each!field!under!various!management!practices;!CT!(A),!NT!(B),!MT!(C).!!Max!and!Min!values!are!also!shown.!
A!horizon!
B!
C!
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( 3.5.3(Field(Capacity(
(
( ( 3.5.3.1(Descriptive(Statistics!! !
Field(A((CT)!!
( A(horizon( B(horizon( C(horizon(
max( 0.61! 0.70! 0.59!
min( 0.26! 0.25! 0.32!
range( 0.35! 0.46! 0.27!
Mean( 0.39! 0.43! 0.44!
std(dev( 0.09! 0.13! 0.09!
( Table!12:!Field!A!Field!Capacity!statistics(
(
Field(B((NT)( ! A(horizon( B(horizon( C(horizon(
max( 0.54! 0.48! 0.53!
min( 0.31! 0.23! 0.34!
range( 0.23! 0.25! 0.19!
Mean( 0.44! 0.39! 0.41!
std(dev( 0.07! 0.05! 0.06!! !Table!13:!Field!B!Field!Capacity!statistics!
Field(C((MT)(
( A(horizon( B(horizon( C(horizon(
max( 0.47! 0.47! 0.44!
min( 0.21! 0.30! 0.24!
range( 0.26! 0.18! 0.19!
Mean( 0.33! 0.37! 0.37!
std(dev( 0.06! 0.05! 0.05!!Table!14:!Field!C!Field!Capacity!statistics!!! Field!capacity!saw!the!greatest!range!in!values!regardless!of!horizon!within!the!data.!Field!A!had!mean!values!of!0.387,!0.429!and!0.436!with!std.!deviations!of!0.08,!0.13!and!0.09!(A,!B,!C!horizons!respectively).!Field!B!had!means!of!0.439,!0.391!and!0.411!with!std.!deviations!of!0.07,!0.05!and!0.057!(A,!B,!C!horizons!respectively)!
! 76!
while!Field!C!saw!means!of!0.327,!0.373!and!0.368!with!standard!deviations!of!0.0507,!0.053!and!0.0523!(A,!B,!C!horizons!respectively).!!! As!with!bulk!density!and!porosity,!t^tests!were!performed!assessing!the!layers!from!each!different!field!for!the!calculated!field!capacity!values!to!determine!if!differences!in!means!existed.!Results!were!congruent!with!those!of!bulk!density!and!porosity!where!means!did!not!differ!significantly!amongst!fields!for!the!B!and!C^horizons.!Within!the!A!Horizon,!fields!B!(NT)!to!C!(MT)!differed!significantly!with!6.22!test!statistic!and!a!t!critical!value!of!2.006!df!of!52,!p=<0.01.!!This!suggests!that!the!mean!field!capacity!within!the!upper!horizon!between!the!NT!and!MT!differs!significantly.!!This!could!be!due!to!the!presence!of!organic!matter!on!the!field!under!the!no!till!practice;!this!would!be!consistent!with!the!literature!on!the!subject!(Da!Silva!et!al.,!1997;!Kay!&!VandenBygaart,!2002;!Vandenbygaart!et!al.,!1999).!
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!
! The!importance!of!isolating!the!physical!characteristics!of!each!individual!field!under!different!tillage!practices!gives!precedence!to!the!assumptions!utilized!within!this!work!to!analyze!hydrological!differences.!!!The!statistical!analysis!has!shown!that!the!fields’!physical!soil!characteristics!differ,!specifically!within!the!upper!horizons!where!tillage!takes!place.!!This!is!consistent!with!the!literature!(Da!
Figure!11:!Field!Capacity!(Θfc!)!values!from!lab!soil!core!analysis!fields!A!(CT),!B!(NT)!and!C!(MT)!
A!horizon!
B!horizon
!
C!horizon
!
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Silva!et!al.,!1997;!Kay!&!VandenBygaart,!2002;!Reynolds!et!al.,!2002;!Shipitalo!&!Protz,!1989;!Topp!et!al.,!1997;!Vandenbygaart!et!al.,!1999),!which!notes!shifts!in!physical!soil!characteristics,!especially!within!the!upper!5cm!–!20cm!of!soil,!or!the!tillage!zone.!!!!!! Values!are!consistent!with!previous!studies!conducted!in!southern!Ontario,!on!similar!soils!that!were!under!various!management!practices.!!A!study!performed!by!Reynolds!et!al.,!2002!found!that!typical!bulk!densities!for!NT!and!MT!(Mg!m^3)!were!1.33!and!1.37!respectively,!porosity!(m3!m^3)!of!0.497!and!0.483!respectively!and!FC!(m3!m^3)!of!0.377!and!0.429!respectively.!!!Main!reasoning!for!the!differences!between!the!NT!and!MT!systems!were!attributed!to!the!greater!number!of!cracks,!root!channels!and!wormholes!in!NT!due!to!the!lack!of!soil!disturbance!(Reynolds!et!al.,!2002;!Tan!et!al.,!2002).!!The!bulk!densities!calculated!from!the!sampling!performed!were!higher!than!those!found!within!this!study!and!may!be!attributed!to!compaction!that!may!have!occurred!during!the!removal!of!samples!from!the!field.!!The!high!clay!contents!of!the!soils!also!are!likely!to!have!attributed!to!this.!!!!According!to!much!of!the!literature,!substantial!macroporosity!is!often!considered!essential!in!fine^textured!soils!for!adequate!infiltration,!drainage!and!aeration!in!an!otherwise!“tight”!crop!root!zone!(Sutton,!1991;!Ehlers!et!al.,!1983;!Brady,!1974).!!The!results!for!analysis!of!variations!amongst!tillage!methods!provided!no!distinct!advantage!to!growing!conditions!with!bulk!densities!being!less!than!ideal!under!all!management!types,!and!little!difference!particularly!between!NT!and!MT!systems.!!!Additions!of!tile!drainage,!and!recent!upgrades!to!tile!lines!(specifically!on!field!A)!have!potential!to!improve!physical!soil!conditions!in!the!long!term.(
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3.6(Determining(“Field(scale”(Field(Capacity(
(
Field(A((CT)(! In!order!to!approximate!field!scale!field!capacity!the!Time!Domain!Reflectrometry!(TDR)!probes!were!graphed,!and!analyzed!for!plateaus!within!each!of!the!signals.!!It!was!determined!that!these!graphical!plateaus!within!the!data!set,!after!a!particularly!wet!period,!would!represent!saturation!of!the!fields.!It!was!assumed!that!this!was!the!best!method!of!determining!saturated!field!scenarios!when!water!table!information!was!not!available.!As!the!fields!dried,!the!only!elements!removing!water!would!be!through!the!tiles,!and!evapotranspiration,!with!very!little!being!lost!to!groundwater!recharge!on!short!timescales.!!Eventually,!the!flow!from!the!tile!would!cease,!or!plateau!on!the!recession!curve.!At!this!point!it!was!determined!that!the!field!is!at!field!capacity.!!!A!range!of!sample!points!were!utilized!on!the!recession!limb!of!the!hydrograph!and!soil!moisture!probes!to!assess!variability!within!the!potential!scenarios!and!establish!a!range!of!potential!FC!values.!!!!!!!!!
Figure!12:!Hourly!precipitation!over!the!McIntosh!study!site!for!October!and!November!of!2011!
(
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!
!!! As!noted!in!figure!13,!there!is!a!point!in!time!whereby!the!flow!in!the!tiles!returns!to!a!more!constant!level,!on!the!recession!curve!after!the!storm!event!has!occurred,!prior!to!the!initiation!of!flow!again!caused!by!a!moderate!precipitation!event.!!This!is!indicative!of!field!scale!hydrological!processes!taking!place!that!include;!the!movement!of!water!through!the!soil!profile!initiating!with!infiltration,!reaching!saturation!or!field!capacity!in!each!layer,!the!movement!of!water!through!
Figure!13:!TDR!probe!(%!VWC!–!upper)!and!Tile!discharge!(L/s!–!lower)!for!analysis!of!Field!field!capacity!
(
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the!soil!column!and!through!macropores,!evaporation!from!the!soil!surface!after!the!precipitation!event!and!transpiration!form!the!interception!and!root!uptake!of!plants!and!capillary!forces.!!Meteorological!Conditions!of!the!field!are!identified!in!figure!12!&!14!for!the!same!time!period.!!
!! Because!of!the!relatively!high!temperatures,!and!reduced!RH!in!the!later!stages!of!the!days,!Oct!9th,!10th,!and!11th,!it!can!be!assumed!that!ET!is!occurring!and!actively!removing!water!from!the!system!specifically!from!the!upper!horizons.!The!ET!thereby!affecting!the!rate!at!which!the!upper!horizon!probe!is!responding!to!the!drying!scenario.!!The!precipitation!event!that!began!on!Oct!12th!saw!a!total!10.5mm!of!rainfall!falling!over!11hrs.!!October!13th!saw!an!additional!11.3mm!of!rainfall!falling!periodically!throughout!the!day,!with!the!heaviest!precipitation!occurring!near!00:00hr.!!October!14th!saw!24.7mm,!again!throughout!the!entire!day,!and!October!15th!saw!again!an!additional!15.7mm!of!rainfall!throughout!the!day,!ending!at!17:00.!!
Figure!14:!Meteorological!conditions!to!aid!in!the!identification!of!periods!where!there!would!be!increased!or!decreased!evapotranspiration!from!the!fields!upper!horizons.!
(
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( 3.6.1(Analysis(of(Hydrographs(
( The!analysis!of!the!hydrographs!was!completed!to!help!identify!times!when!the!flow!returned!to!pre^event!conditions,!or!experienced!!“leveling,”!or!“plateaus.”!As!the!fields!dry,!and!water!is!removed!from!the!upper!horizons,!it!will!be!reduced!at!a!greater!rate!while!eventually!slowing!to!a!constant!VWC!(%,!m3/m3)!as!the!field!approaches!field!capacity.!!If!no!water!is!added!to!the!field!through!precipitation!or!irrigation!they!will!continue!to!dry!to!a!point!where!the!crops!can!no!longer!extract!water!from!the!soil,!due!to!the!increased!holding!capacity!of!the!soil.!!However,!the!probe!depth!being!17cm!on!Field!A!(CT)!and!22cm!below!surface!on!Field!B!(NT),!the!removal!of!water!through!surface!interactions!will!have!a!reduced!impact!to!soils!within!the!tillage!zone!(upper!10cm).!!!!!
Soil(Moisture(Conditions((
! Table!15:!!Soil!moisture!conditions!and!weighted!mean!for!two!events(The!event!showed!that!the!decrease!in!tile!flow!corresponded,!yet!preceded!the!timing!of!the!drying!of!the!soil.!Showing!a!closer!relationship!to!the!upper!horizon!probe!than!those!at!greater!depth.!!!!At!the!time!of!October!17th!2011,!0:00,!soil!moisture!was!still!on!the!recession!limb!from!peak!values.!!Plateau!of!soil!
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moisture!occurred!a!day!later!on!October!19th!2011!with!a!difference!of!2%!by!volume.!!A!second!iteration!of!analysis!was!run!on!the!event,!which!took!place!two!days!after!the!original!event!for!analysis.!!!Comparisons!were!made!between!the!soil!moisture!values!utilizing!the!same!classification!system!to!ensure!reproducibility.!!
!Results!again!showed!that!soil!moisture!ranged!from!28^30%!by!volume!again!for!this!event,!however,!were!slightly!lower.!!!Analysis!of!a!secondary!event!with!different!meteorological!conditions,!very!limited!ET!if!any!and!significantly!less!precipitation!supported!the!analysis!of!the!previous!season!was!also!conducted.!!Results!from!the!events!analysis!are!identified!in!the!table!20!below.!
Table!16:!Soil!moisture!conditions!prior!to!complete!drainage!of!tile!discharge!
(
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! Table!17:!Soil!moisture!conditions!prior!to!complete!tile!drainage!under!Spring!conditions!! Inclusion!in!the!analysis!of!the!soil!moisture,!discharge,!and!meteorological!data!was!the!groundwater!well,!which!was!installed!at!the!weir!location!of!field!B!(NT).!!Results!showed!a!distinct!pattern,!lagging!behind!soil!moisture,!and!precipitation!whereby!the!soil!would!become!fully!saturated,!often!resulting!in!overflow!conditions!in!the!weir!and!backpressure!within!the!tiles.!This!is!exemplified!by!the!event!on!January!13th!2012.!The!water!table!is!believed!to!have!reached!the!surface,!identifying!fully!saturated!conditions.!There!is!minimal!flow!within!the!tile,!and!soil!moisture!values!show!characteristics!of!reaching!a!plateau!that!is!mimicked!by!proceeding!events.!!This!pattern!suggests!the!field!is!at,!or!very!near!saturation.!As!meteorological!conditions!and!the!ability!of!plants!or!crops!to!remove!water!from!the!root!zone!change!the!ability!“Field”!field!capacity!remains!constant!between!28^30%!of!volume.!!These!values!in!contrast!to!those!conducted!through!laboratory!analysis!of!41%!by!volume!can!be!attributed!to!several!factors.!!This!includes!the!susceptibility!of!clay!loam!soils!to!fracturing!and!the!presence!of!
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macropores!within!the!system!that!are!not!easily!measured.!!!By!conducting!analysis!through!the!extraction!of!multiple!soil!cores,!5cm!in!diameter!and!5^10cm!in!height,!with!81!samples!per!field!from!the!A,!B!and!C!horizons!the!sample!size!is!sufficient,!however!not!entirely!capable!of!being!representative!of!field!conditions.!!It!is!possible!that!even!with!a!perceived!representative!sample,!elements!of!the!physical!nature!of!the!soil!profile!may!be!missed,!such!as!those!elements!mentioned!earlier.!!!!
!
!
!!
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!!
Due!to!analysis!conducted!on!TDR!probes,!a!range!of!28!–!30!%!by!volume!was!selected!as!the!“field”!field!capacity!values.!Difference!from!the!laboratory!analysis!of!soil!cores!from!field!A,!which!returned!values!of!41%!is!noted,!and!can!be!largely!attributed!to!the!inclusion!of!macroporosity!and!preferential!flow!pathways!in!the!analysis!of!the!“Field”!field!capacity.!!! ! !!!!!!!!Figure!16:!Water!Table!position!monitored!from!a!ground!water!well!installed!near!the!weir!on!Field!B!(NT)!! Further!importance!of!the!analysis!of!“field”!field!capacity!stems!from!the!ability!to!predict!period!of!soil!moisture!deficit!and!allow!for!potential!preventative!
Figure!15:!Hourly!precipitation!(top!–!previous!page),!TDR!probe!volumetric!soil!moisture!(%/volume)!and!Tile!Discharge!(m3/sec)!(middle!–!previous!page)!and!meteorological!conditions!(bottom)!
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irrigation!measures!as!the!soil!heads!towards!the!permanent!wilting!point!(PWP).!!PWP!is!the!point!at!which!plants!can!no!longer!extract!water!from!the!soil!because!the!remaining!water!is!being!held!very!tightly!by!the!soil!particles.!!The!plants!then!become!unable!to!recover,!and!crop!failure!is!immanent.!!!The!difference!between!the!PWP!and!FC!is!the!available!soil!water!(ASW)!(Werner,!1993).!!!!In!the!analysis!of!soil!physical!properties,!clay!and!clay!loam!soils!have!permanent!wilting!points!of!2.4mm!/!cm!of!soil!depth!and!1.9mm/cm!of!soil!depth!respectively!(Werner,!1993).!!Translated!to!percentages!utilized!for!this!study,!approximately!19^!24%!by!volume.!!According!to!the!soil!core!analysis!that!would!make!the!ASW!22%!(41%!FC,!19%!PWP)!and!for!“field”!field!capacity!ASW!of!11%.!!This!is!consistent!with!literature!as!soils!with!higher!porosities,!higher!organic!content,!will!have!the!ability!to!retain!more!water!than!those!not!meeting!those!criteria.!
(
(
3.6.2((Field(B((NT)(Analysis((! As!with!field!A!(CT),!the!TDR!probes!and!soil!moisture!analysis!was!conducted!on!the!same!dates!to!analyze!variations!or!similarities!within!the!unsaturated!zone,!and!potentially!the!“field”!field!capacity.!!!Temporal!variability!was!limited!by!utilizing!the!same!timescale!as!the!highly!variable!meteorological!conditions!have!been!shown!to!dramatically!impact!the!amount!of!available!water!in!the!upper!soil!horizons.!!!Water!table!information!remains!constant!and!can!be!analyzed!against!the!soil!moisture!probe!information!from!field!B.!!
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!Table!18:!Soil!moisture!conditions!for!fall!2011!events!! Total!depth!to!the!tile!did!not!vary,!however!depth!of!each!probe!varied!slightly!from!those!installed!at!field!A!(CT).!!As!with!field!A!(CT)!however,!each!probe!was!installed!in!the!various!soil!horizons,!under!the!till!zone!to!obtain!information!on!how!the!wetting!front!moved!through!the!soil!profile.!!!!!!!!!! !!
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Variability!within!the!data!sets!is!evident!particularly!from!the!probe!4!at!each!site!location.!!The!field!B!measurements!of!VWC!(%)!are!close!to!those!of!the!porosity!values!identified!for!field!B!!(47!–!51%)!and!peak!values!of!port!4!(76cm!depth)!being!40%.!It!is!therefore!probable!that!this!measurement!may!be!the!field!capacity!value!for!the!C^horizon,!and!a!controlling!factor!on!the!movement!of!water!to!the!tile.!!!The!trend!is!continued!for!the!date!of!later!analysis!at!field!B!in!January!2012.!Meteorological!conditions!are!the!same!as!those!identified!for!field!A,!and!water!
Figure!17:!TDR!%!VWC!and!Tile!Discharge!^!Field!B!(NT)!–!October!/!November!2011!
! 90!
table!conditions!may!be!more!useful!in!the!characterization!of!soil!moisture!and!flow!patterns!as!the!field!B!site!has!the!slope!of!the!field!identified!by!topographic!analysis!in!chapter!2!shows!the!slope!running!from!field!C!to!field!A.!!!! Weighted!values!of!the!measured!FC!are!therefore!likely!skewed!by!the!consistently!higher!values!found!from!port!4!(76cm!depth),!in!field!B!when!compared!with!those!found!from!field!A.!!Weighted!average!values!therefore!in!field!B!showed!a!range!of!30!–!33!%!by!volume!for!values!of!FC!compared!to!a!range!of!28^30%!by!volume!for!field!A.!!!!!!!!!!!!!!!! Figure!18:!!TDR!%VWC!and!Tile!Discharge!field!B!Jan/Feb!2012!
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! Removal!of!probe!4!(76cm!depth)!from!weighted!analysis!from!field!B!revealed!a!similar!range!in!values!to!those!of!field!A!of!28!–!30%!by!volume.!!Water!table!changes!from!the!ground!water!well!measurements!showed!correlation!with!the!changes!in!VWC!of!the!deepest!probe!from!field!B!(NT).!
!Table!19:!!Field!A!soil!moisture!early!January!2012!!
! !
!
!
!
!
!
! According!to!the!soil!core!analysis!that!would!make!the!ASW!22%!(41%!FC,!19%!PWP)!and!for!“field”!field!capacity!at!field!B!(assuming!33%!FC)!ASW!of!14%.!Again!this!is!consistent!with!literature!as!soils!with!higher!porosities,!higher!organic!content,!than!is!present!at!field!A.!This!showing!potential!that!field!B!(NT)!allows!for!
Figure!19:!Water!table!position!monitored!from!a!ground!water!well!installed!near!the!weir!on!Field!B!(NT)!
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a!greater!propensity!for!available!soil!moisture!for!crops!that!may!be!an!economic!benefit!in!drought!conditions.!
!
( 3.7(Soil(Moisture(
!! Soil!moisture!analysis!was!conducted!to!better!understand!the!movement!of!water!through!the!vadose!zone,!the!soil!moisture!content!changes!on!a!temporal!scale,!and!to!identify!trends!on!the!individual!fields.!Measurements!began!in!the!late!spring!of!2011!and!are!ongoing!through!the!use!of!Time!Domain!Reflectrometry!(TDR)!probes!on!fields!A!(CT)!and!B!(NT)!with!an!accuracy:!!±!0.031m3/m3!(±!3%)!useful!from!0!^!±50°C.!!!!This!method!of!monitoring!soil!moisture!has!been!known!to!be!useful!for!analyzing!the!advancement!of!a!wetting!front!in!agriculture,!and!has!an!accuracy!to!within!better!than!1%!(Ledieu,!De!Ridder,!De!Clerck,!&!Dautrebande,!1986).!!Time!Domain!Reflectrometry!uses!electrical!pulses!from!sensors!that!can!be!placed!at!various!depths!within!the!soil!profile.!The!velocity!of!the!pulse!in!the!probe!is!measured,!and!related!to!soil!water!content,!with!smaller!velocities!indicating!wetter!soils.!!The!portability,!and!ease!of!use!make!TDR!probes!has!also!allowed!the!separation!of!water!and!solute!content!measurement!error!from!soil!variability,!resulting!in!the!capability!for!determining!the!mechanisms!behind!soil!water!content!distributions!and!soil!leaching!patterns!(Clarke!Topp!&!Reynolds,!1998;!Noborio,!2001;!Whalley,!1993).!In!field!A!(CT)!the!probes!were!installed!at!depths:!17cm,!32cm,!48cm!and,!66cm!depth!below!surface.!Field!B!(NT)!the!probes!were!installed!at!depths:!22cm,!35cm,!49cm,!and!76cm.!The!installation!of!the!probes!below!the!till!zone!(0^15cm!depth!typically)!was!essential!to!avoid!breaking!
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the!probes!and!insure!continuous!measurement.!Additionally,!the!probes!were!inserted!under!areas!of!the!field!that!are!directly!impacted!by!the!tillage!practices!in!question.!!Probes!were!only!able!to!be!installed!at!locations!close!to!the!weir!boxes!and!not!throughout!the!field!due!to!cropping!and!potential!for!damaging!farming!equipment.!!Data!was!collected!to!analyze!the!trends!associated!with!the!physical!soil!characteristics!and!meteorological!trends.!!This!will!aid!in!the!results!and!analysis!of!the!efficiency!of!the!fields!to!storm!events.!!!!TDR!probes!were!placed!in!various!soil!horizons!at!their!relative!(visual)!mid^point,!we!are!able!to!determine!the!relative!rates!and!lag!it!takes!for!the!wetting!front!to!pass!through!that!particular!layer!of!soil.!!Physical!soil!characteristics!analysis!enabled!us!to!have!a!high!level!of!confidence!in!the!heterogeneity!of!the!soil!at!this!location.!Through!in^situ!analysis!and!sampling,!we!are!able!to!make!the!assumption!that!results!would!be!similar!across!the!field.!!However,!there!are!possible!discrepancies!when!using!the!point!measurements!applied!to!the!field!scale.!!As!noted!from!several!graphical!analyses,!some!of!the!probes!register!a!response!after!rainfall!prior!to!probes!at!a!more!shallow!depth.!!This!could!be!due!to!several!factors!including!preferential!flow!pathways!being!developed!in!the!clay!rich!soil,!by!means!of!rooting!pathways,!burrowing!pathways,!and!/!or!clay!fracturing!during!periods!of!drought.!!However,!the!TDR!probes!still!provide!valuable!information!relating!soil!response!time!to!meteorological!conditions.!!!
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!Figure!20:!Soil!Moisture!TDR!(%VWC)!complete!record!for!field!A!(CT)!and!field!B!(NT)!July!2011!to!October!2013!and!corresponding!precipitation.!!!!
3.8(TDR(Probe(Characteristics!!!Soil!response!is!driven!by!precipitation!events,!and!changes!are!particularly!noticeable!after!dry!conditions!on!the!fields!have!occurred!for!a!relatively!long!period!of!time.!!!April!14th!2012!–!May!3rd!2012!is!an!example!where!the!fields!experienced!below!average!precipitation!for!this!period.!!Soil!moisture!varied!more!so!within!the!upper!horizons!(Probe!1!–!17!&!22cm!&!2!32!&!36cm)!than!did!the!lower!horizons!(Probe!3!–!46!&!49cm!&!4!–!66!&!76cm)!on!both!fields.!!This!is!as!
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expected!as!the!upper!horizons!will!experience!loss!to!the!atmosphere!through!direct!evaporation!and!evapotranspiration.!!!The!period!on!both!fields!between!June!1st!2012,!and!July!25th!2012!showed!a!significant!decrease!in!soil!moisture!as!precipitation!during!that!period!amounted!to!only!115.7mm,!compared!with!a!30^year!historical!average!of!167mm!(Environment!Canada,!2013).!!!Additionally,!the!period!prior!to!June!1st!2012!also!experienced!a!decrease!in!historical!average!rainfall,!and!resulted!in!a!much!drier!soil.!March,!April!and!May!2012!saw!only!45.8mm,!17.9mm!and!42.7mm!respectively.!!!The!storm!event!of!June!1st!2012!saw!36.1mm!of!rainfall!within!a!22hr!period.!The!intensity!of!this!event!caused!a!spike!in!the!soil!moisture!values!on!both!fields,!and!a!return!to!pre!storm!levels!fairly!quickly!due!to!a!drying!period!after!this!event,!which!saw!only!27mm!of!rain!over!the!next!19!days.!The!antecedent!conditions!being!dry!resulted!in!a!pulse!towards!the!tile!for!quick!drainage;!likely!through!macropores!and!preferential!flow!pathways!developed!through!soil!cracking!over!the!dry!period!prior!to!the!event.!! The!individual!study!years!experienced!differences!in!meteorological!inputs!as!made!evident!in!chapter!4.!!These!drastic!differences!allowed!for!the!analysis!of!years!experiencing!extremes!to!be!analyzed.!!As!noted!in!section!1.3.5!on!climate!variation!within!the!region,!it!is!not!without!question!that!in!future!years,!years!experiencing!an!increase!in!the!intensity!and!variability!of!precipitation!will!occur.!2011!soil!moisture!saw!an!initial!dry!period!when!the!probes!were!installed!during!the!summer!months.!Larger!precipitation!events!of!>10mm!per!day!did!occur,!and!probes!form!both!fields!A!(CT)!and!B!!(NT)!showed!responses!to!those!events.!The!soil!moisture!probes!from!both!fields!showed!a!continuing!drying!pattern!until!mid!
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September!2011!where!reduced!temperatures,!reduced!ET!and!an!increase!in!precipitation!events!resulted!in!an!increase!in!soil!moisture!on!both!fields.!!!!! Field!A!(CT)!saw!probes!1!&!2,!17!&!32cm!depth!respectively;!show!more!drastic!drying!and!wetting!patterns!in!response!to!incoming!precipitation.!!Values!for!probe!1!(P1)!were!as!low!as!18%!by!volume!in!late!July!2011!and!would!rise!to!a!peak!value!of!fewer!than!24.5%!by!volume!early!August!2011.!!Later!in!August!2011!(August!24th!2011),!these!values!would!peak!at!29%!by!volume!and!early!September!saw!the!values!reach!32%!by!volume.!!The!intermittence!of!precipitation!events!saw!relatively!significant!drying!periods!between!these!wetting!events.!Precipitation!events!over!this!time!period!that!were!short!in!duration!(<!30min)!and!<2mm/30min!showed!little!response!in!the!soil!moisture!probes,!even!at!shallow!depth.!!Reasons!for!this!can!be!attributed!to!higher!evapotranspiration!rates!over!these!months!and!dry!AHCs!effectively!increasing!the!ability!of!the!soil!to!store!the!incoming!precipitation.!!The!pattern!was!mimicked!by!probe!2!(P2),!however!it!showed!a!significantly!reduced!response!to!the!event!on!August!24th!2011!peaking!at!only!20%!by!volume!compared!with!the!P1!value!of!29%.!!!The!peak!of!P2!occurred!25hrs!after!that!of!P1!showing!the!gradual!movement!of!the!wetting!front!through!the!soil!profile.!!However,!the!responses!were!not!mimicked!by!P3!and!P4!(48!and!66cm!depth!respectively).!!!This!is!indicative!of!the!season!showing!the!increased!removal!of!water!from!the!upper!horizons!by!evapotranspiration,!as!crop!uptake!from!the!root!zone!would!be!high!during!this!period.!!This!same!pattern!was!evident!during!the!summer!months!of!2012!as!well.!!!P4!(66cm)!did!not!show!responses!from!precipitation!events!in!2011!until!mid!September!(18^19th).!These!
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dates!correspond!with!late!growth!stages!of!the!crop!on!the!fields!(soybean)!and!significant!increases!in!soil!moisture!across!the!entire!profile!are!noted!after!the!harvest!date!of!October!5th!2011.!!A!series!of!days!with!rainfall!of!>10mm!were!noted!to!contribute!to!the!significant!increase!which!saw!the!values!of!P1!reach!44.7%!by!volume!and!P2!reach!a!peak!value!of!41.2%!by!volume!33hrs!after!that!of!P1.!!Unlike!the!events!occurring!during!the!summer!months,!P3!and!P4!also!saw!significant!increases!in!soil!moisture.!!
!
!Figure!21:!Incoming!Precipitation!and!soil!moisture!response!in!field!A!(CT)!and!field!B!(NT)!October!/!November!2011!
(
(
(
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Figure!22:!Top:!Field!A!and!B!Port!1!^!2!(17cm!36cm!below!surface!Field!A;!22cm!and!35cm!below!surface!Field!B)!and!incoming!precipitation!(mm/half!hour).!!!Bottom:!Field!A!and!Field!B!Port!3^4!(48cm!and!66cm!below!surface!field!A;!49!and!76cm!below!surface!field!B)!and!incoming!precipitation!(mm/half!hour)!! When!comparing!the!two!fields!(A!(CT)!&!B!(NT))!the!differences!become!more!apparent!and!provide!valuable!insight!towards!the!potential!benefits!of!utilizing!the!different!management!practices.!!!!From!analysis!of!the!upper!probes!soil!moisture!values!during!the!dry!periods!of!August!and!early!September!2011!it!is!evident!that!field!B!(NT)!is!not!losing!as!much!water!from!the!upper!horizons,!or!rather,!holding!more!water!over!time!than!field!A!(CT)!(see!figure!22).!!Comparison!of!the!P1!probes!from!both!fields!
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show!a!more!rapid!reduction!in!soil!moisture!from!the!probe!on!field!A!(CT)!than!field!B!(NT),!a!consistently!lower!minimal!value!during!periods!of!significant!reductions!in!precipitation!and!show!a!lesser!“peak”!during!rapid!wetting!events.!!!P2!from!fields!A!(CT)!and!B!(NT)!(36!&!35cm!below!surface!respectively)!show!similar!patterns!to!those!shown!by!P1!although!the!difference!is!reduced!during!periods!of!field!drying.!!!The!period!of!September!19th!–!24th!saw!one!precipitation!event,!followed!by!5!days!of!drying.!Field!B!(NT)!showed!an!ability!to!retain!~1%!greater!by!volume!than!that!of!field!A!(CT)!at!the!end!of!this!timeframe.!!! The!deeper!probes!showed!differences!in!VWC!(%)!as!well,!specifically!between!the!deepest!probes.!!The!period!of!August!10th!2011!to!August!20th!2011,!and!the!proceeding!precipitation!events!from!August!21st!and!25th!2011!show!that!field!B!(NT)!experiences!less!loss!from!the!soil!layer!over!time,!and!an!increased!response!to!the!large!incoming!precipitation!events.!!Over!the!same!period!it!is!evident!of!the!reductions!in!soil!moisture!from!the!upper!horizons,!and!yet!P3!and!P4!from!fields!A!and!B!^!48cm(A),!66cm(A),!49cm(B),!76cm(B),!show!minimal!reduction,!as!well!as!requiring!a!much!longer!period!of!time!to!show!reductions!in!soil!moisture.!This!is!evident!from!the!summer!of!2012,!which!will!be!discussed!later.!! !! Of!particular!interest!is!the!variation!between!P4!from!both!fields!^!66cm!(A)!&!76cm!(B)!throughout!the!entire!data!set.!!Field!B!(NT)!consistently!shows!values,!which!are!significantly!greater!than!those!from!field!A!(CT).!This!is!indicating!much!higher!water!content!within!the!field!B!(NT)!than!in!field!A!(CT)!at!depth.!!There!is!also!a!greater!deal!of!variability!within!the!dataset!of!field!B!(NT),!showing!a!great!
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deal!of!responses!to!precipitation!events,!as!well!as!a!reduction!in!soil!moisture!values!for!periods!of!limited!incoming!precipitation.!!Conversely,!P4!from!field!A!(CT)!shows!a!more!consistent!plateau!and!valley!pattern!throughout!the!dataset,!reaching!a!certain!soil!moisture!value!(25!–!28%)!and!values!of!20!–!22%!for!the!reductions!during!the!wetter!months.!!October!and!November!of!2011!gave!interesting!perspective!into!the!hydrologic!performance!of!the!fields.!!!Soybean!crop!was!harvested!on!October!6th!2011!after!the!fields!had!been!significantly!dry,!and!there!was!predicted!rainfall!in!the!forecast.!!After!the!harvesting,!precipitation!occurred!and!spurred!a!drastic!increase!in!soil!moisture!values,!followed!by!a!return!to!pre^event!levels!and!another!drying!period!of!19!days!with!very!little!precipitation!occurring!(October!26th!–!November!9th!2011)!(figure!23).!!Soil!moisture!levels!in!the!deeper!probes!showed!responses,!with!those!of!field!A!(CT)!P3!having!the!greatest!increase,!and!field!B!(NT)!P3!values!mimicking,!but!not!reaching!the!same!maximum!soil!moisture!value!(35%!field!B!(NT)!vs.!38%!field!A!(CT)).!!This!pattern!was!reiterated!through!the!upper!level!probes,!with!the!probes!at!field!A!(CT)!showing!a!much!greater!increase!in!soil!moisture!values.!P1!from!field!A!(CT)!showed!consistently!higher!values!of!soil!moisture!throughout!the!wetting!and!drying!period!after!the!crops!had!been!removed.!!Field!B!(NT)!however,!saw!lest!rapid!shifts!in!soil!moisture!values.!!
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!
!Figure!23:!Top:!Field!A!and!B!Port!1^2!(17cm!and!36cm!below!surface!field!A;!49!and!76cm!below!surface!field!B)!and!incoming!precipitation!for!October!/!November!2011!!This!goes!to!suggest!that!over!this!period,!the!movement!of!water!through!the!soil!on!field!B!(NT)!is!reduced,!in!comparison!to!that!of!field!A!(CT).!This!reduced!fluctuation!of!soil!moisture!values!applies!reduced!drying!–!wetting!stress!on!the!soils,!as!well!as!suggests!the!minimization!of!potential!nutrient!flushing!from!the!system.!A!higher!connectivity!with!surface!horizons!through!the!increased!moisture!
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content!can!increase!the!potential!for!nutrient!loading!to!aquatic!systems!in!the!area.!! Significantly!reduced!soil!moisture!values!do!occur!on!both!field!A!(CT)!and!B!(NT)!in!June!–!October!2012!due!to,!as!previously!mentioned,!a!very!dry!summer!resulting!in!dry!field!conditions.!!
!!
!Figure!24:!Top:!Field!A!and!B!Port!1!^2!(17cm!and!32cm!below!surface!field!A;!49!and!36cm!below!surface!field!B).!!Bottom:!Field!A!and!B!Port!3!^!4!VWC!(%)!(49cm!and!66cm!below!surface!Field!A;!49cm!and!76cm!below!surface!Field!B)!and!incoming!precipitation(!
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The!period!of!June!21!–!July!25th!2012!saw!little!rain!(12.5mm).!!That!which!did!fall,!was!shown!to!have!little!impact!on!the!soil!moisture!of!either!field!at!any!of!the!probe!depths!(figure!24).!At!peak!growing!season!in!2012,!Corn!rooting!depth!is!likely!to!extend!to!P4!probe!depths!(66cm!A,!76cm!B)!in!both!fields!as!the!rooting!depth!can!often!exceed!1m!(OMAFRA.,!2009).!!!Therefore,!it!is!likely!that!much!of!the!precipitation!which!as!fallen!over!this!period!will!have!been!lost!to!evapotranspiration.!!Even!so,!the!reduction!in!P4!(76cm)!soil!moisture!from!field!B!(NT)!is!significant,!from!a!peak!value!of!39%!on!June!21st!to!a!value!of!26%!by!July!25th.!!Field!A!(CT)!P4!(66cm)!over!the!same!period!experienced!a!reduction!in!soil!moisture!by!only!~1%.!!!The!upper!probes!over!this!same!time!period!showed!the!soil!moisture!in!field!B!P2!(36cm)!to!be!higher!than!that!of!P1!(22cm)!in!the!same!field.!!Field!A!(CT)!showed!that!P1!(17cm)!and!P2!(32cm)!to!have!very!similar!soil!moisture!values!over!this!period!with!diurnal!pattern!evident!in!P1.!!!! The!data!gathered!suggests!that!field!A!(CT)!experiences!a!greater!degree!of!wetness!at!the!surface,!and!is!drier!in!the!deeper!horizons!than!field!B!(NT).!!!Field!A!(CT)!experienced!higher!peak!soil!moisture!values!in!probes!1!(17cm)!probe!2!(36cm)!and!probe!3!(48cm).!!!The!drying!of!the!soils!also!experienced!differences!at!each!depth.!!It!is!evident!that!field!A!(CT)!took!longer!to!reduce!the!soil!moisture!value!than!did!field!B!(NT).!!The!time!it!took!to!move!the!water!through!the!system!was!also!considered!to!be!different!amongst!the!fields.!!! Potential!for!more!rapid!movement!through!the!soil!horizons!is!also!evident!from!the!P1!(17cm)!field!A!(CT)!over!those!from!field!B!(NT).!!This!is!evident!through!the!smaller!incoming!precipitation!amounts!and!shown!responses!within!
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the!upper!horizons!on!field!A!(CT),!while!are!much!more!reduced,!or!not!occurring!at!all!on!field!B.!!Such!events!occur!throughout!the!year,!and!are!evident!in!the!graph!outlining!the!October!–!November!2011,!as!well!as!June!–!August!2012!(figures!23!and!24).!!These!shown!greater!responses!to!incoming!precipitation!in!P1!(17cm)!and!P2!(32cm)!located!on!field!A!can!be!directly!attributed!to!the!tillage!practice.!!Field!A!(CT)!will!have!experienced!a!breakup!of!the!soil!through!tillage,!which!occurred!on!the!field!in!April!2012!prior!to!the!planting!of!the!corn!crops!during!the!last!two!weeks!of!April.!!The!field!was!disk!till!whereby!the!upper!~15cm!of!soil!are!turned,!loosened!and!crumbled.!!This!effectively!has!been!known!to!increase!infiltration!rates!as!well!as!the!increased!potential!for!soil!erosion!due!to!removal!of!crop!residue!and!increased!soil!crumbling.!!
( The!comparison!of!the!fields!TDR!probe!measurements!from!the!similar!depths!coupled!with!analysis!relating!to!precipitation!inputs!over!the!course!of!an!entire!year!allowed!for!analysis!of!the!soils!on!each!individual!fields!hydrological!responses!in!greater!detail.!!!Results!showed!that!in!general!field!A!(CT)!experienced!a!greater!response!rate,!and!higher!peak!soil!moisture!values!in!the!upper!soil!horizons!across!all!times!of!year!when!compared!with!field!B!(NT).!!However,!interestingly!field!B!(NT)!has!significantly!higher!soil!moisture!values!in!the!deepest!probes,!also!across!all!seasons,!and!showed!a!greater!response!to!precipitation!events.!!!As!noted!in!the!literature!review,!this!is!likely!tied!to!the!increased!presence!of!preferential!flow!pathways!that!occur!under!the!NT!practice!that!may!be!causing!the!shown!response!to!precipitation!events!at!depth.!!!! ! !
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! The!climactic!variability!present!within!the!study!years!provided!valuable!insight!towards!the!sites!responses!to!drying!and!wetting!events!of!various!durations.!Throughout!the!dataset,!field!A!(CT)!showed!more!consistently!that!it!experienced!drying!of!the!upper!horizons!at!a!greater!rate!than!field!B!(NT).!This!can!be!directly!related!to!the!tillage!methods!and!holds!important!hydrological!significance!when!examining!the!transport!of!nutrients.!!The!rapid!moment!of!water!through!the!upper!horizons,!and!increased!ability!for!moisture!to!be!lost!to!the!atmosphere!can!be!related!to!the!decreased!amount!of!organic!matter!at!the!surface,!and!decreased!bulk!density!in!the!till!zone.!!This!has!the!potential!to!increase!the!amount!of!nutrients!moved!to!deeper!horizons,!at!an!increased!rate,!or,!during!intense!events!has!the!potential!to!increase!loss!through!surface!runoff!by!removal!of!nutrients!bound!to!sediment.!!!Field!B!(NT)!however,!demonstrated!a!greater!response!to!events!across!all!probes!after!a!prolonged!drying!period!as!was!evident!from!July!4th!–!26th!2012.!!Field!B!(NT)!showed!responses!to!the!initial!precipitation!event,!and!several!days!later,!field!A!and!B!both!showed!responses!to!the!proceeding!event.!!This!again!suggesting!the!ability!of!preferential!flow!pathways!to!move!water!through!the!soil!profile!to!depth!and!into!the!rooting!zone!whereas!the!surface!may!experience!cementing!and!limit!infiltration.!!!
(
( 3.9(Field(point(Soil(Moisture(Comparisons(
(! Regression!analysis!was!performed!comparing!probes!VWC!(%,!m3/m3)!from!Field!A!(CT)!from!each!probe!depth!to!the!corresponding!probe!depth!from!Field!B!(NT).!!This!was!integral!for!the!analysis!of!upper!horizons!responses!to!wetting!and!
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drying!events.!The!regressions!also!provided!further!analyses!capabilities!for!the!impacts!of!the!various!tillage!methods!on!the!wetting!and!drying!of!each!respective!soil.!!Results!are!shown!in!figure!25.!! The!depth!below!the!tillage!zone!(Port!2,!Figure!25)!shows!the!highest!correlation!in!wetting!and!drying!conditions!r2!0.75.!This!compared!with!the!upper!horizon!probe!r2!of!0.30,!port!3;!0.33!and!port!4!0.38.!!!!In!order!to!further!extrapolate!soil!moisture!measurements!to!the!field!scale!further!manual!soil!moisture!transects!were!conducted!on!fields!of!various!moisture!conditions.!
!
(
(
(
(
(
(
Figure!25:!VWC!(%)!regression!analysis!from!TDR!probes!in!fields!A!&!B.!
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3.10(Soil(moisture(transect!! Manual!soil!moisture!transects!were!conducted!using!Hydrosense!probes!(length!20cm)!on!two!separate!occasions;!September!28th!2011!and!November!25th!2011.!!These!measurements!were!limited!to!the!A!horizon!due!to!the!depth!of!the!probe,!however,!they!provide!insight!to!the!fields!characteristics!at!various!antecedent!stages.!!September!2011!was!a!relatively!wet!month,!seeing!124mm!of!precipitation.!This!lead!to!wet!antecedent!conditions!prior!to!measurement,!with!26.8mm!of!rainfall!occurring!in!the!two!days!prior!to!sampling.!!!Conversely,!November!25th!2011!saw!only!34mm!of!precipitation!in!the!25!days!prior!to!measurement!resulting!in!dryer!antecedent!conditions.!A!total!of!5!transects!were!conducted!across!the!entire!field!starting!closest!to!the!weir!sheds!and!proceeding!towards!the!woodlot.!!Measurements!were!taken!at!2m!intervals!and!each!transect!was!~15m!apart.!!Measurements!recorded!in!VWC!(%)!and!could!thereby!be!compared!with!the!point!measurements!of!the!TDR!probes.!!Results!for!the!soil!moisture!transects!are!shown!in!Figure!26!(a!&!b).!
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!!!
!! The!soil!moisture!transects!were!conducted!across!the!entire!field,!extended!past!the!limits!of!the!known!tile!zones,!7.5m!either!side!of!the!tile!line!for!optimal!field!coverage.!!Although!measurements!were!consistent!only!to!the!upper!20cm!of!soil!throughout!the!field!ratios!were!established!for!the!dry!(September!28th!2011)!and!wet!(November!25th!2011)!periods!compared!to!the!upper!TDR!probes!from!the!same!day.!!!!Averages!of!the!TDR!probes!from!the!time!from!which!the!soil!moisture!transect!analysis!was!carried!out!was!calculated!and!compared!to!the!average!soil!!!
Figure!26:!Soil!moisture!transects!from!the!hydrosense!probe!(depth!20cm!^!VWC!(%))!on!various!days!and!different!conditions.!Sept!28th!2011!Std!Dev:!8.64;!Std!Error!of!the!Mean:!0.464.!!Nov!25th!2011!Std.!Dev:!5.268;!Std!Error!of!the!Mean!0.262!
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!moisture!from!the!transects.!!Results!showed!that!after!a!dry!period,!the!hydrosense!probes!had!a!ratio!of!2:1!to!the!TDR!probes!from!both!fields.!!!!As!conditions!became!increasingly!wet!(November!25th!2011)!that!ratio!became!closer,!becoming!1.5:1!(Hydrosense:!TDR)!in!the!upper!horizons.!!!This!allows!us!to!extrapolate!with!relative!confidence!the!soil!moisture!values!of!the!upper!horizon!across!the!entire!field!should!be!under!dry,!and!wet!conditions!2:1!and!1.5:1!respectively.!!Percent!increases!from!transect!to!upper!layer!TDR!probes!ranged!from!25^75%.!!
Figure!27:!Soil!Moisture!Transects!distributions!from!September!28th!2011!and!November!25th!2011!after!rainfall!had!occurred.!
(
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Chapter(4((Meteorological(Conditions(
(
( 4.1(Meteorological(Trends(
(! Meteorological!analysis!was!carried!out!by!utilization!of!a!meteorological!station!set!up!on!field!site!C!(MT)!from!April!21st!2011!onward!(Figure!7).!The!station!measured!precipitation!(tipping!bucket!rain!gauge),!temperature!(°C)!at!1!and!2m!height,!RH!(%)!at!1!and!2m!heights,!Net!radiation!W!mK2,!wind!speed!(m/s)!and!direction!(°).!!The!common!meteorological!patterns!are!from!the!westerly!direction!allowing!for!unimpeded!collection!of!data,!as!the!station!was!unobstructed.!!!
(
4.1.1(Precipitation(! The!Meteorological!station!at!McIntosh!farm!began!collecting!data!April!21st!2011!and!for!this!study!ended!September!20th!2013.!!Precipitation!over!the!course!of!the!study!period!varied!greatly.!!The!summers!of!2011!and!2012!saw!abnormally!dry!and!warm!periods!(2012)!resulting!in!abnormal!planting!and!harvesting!conditions!at!the!McIntosh!field!site.!!Meteorological!trends!were!analyzed!on!a!yearly!basis,!and!separately!based!on!growing!season!(determined!to!be!May!1!–!Mid!October,!first!killing!frost!of!K2°C).!For!hydrological!analysis!of!storm!events,!event!precipitation!intensity!and!amount!was!also!considered.!!Overall!precipitation!values!varying!between!years!of!779.2mm!(2011,!April!–!Dec!31),!643mm!(2012)!638.8mm!(2013,!Jan!–!August!8)!were!observed.!!Recent!growing!season!(May!–!October)!precipitation!variability!has!ranged!considerably:!2011:!541.3mm;!2012:!442.9mm;!2013:!377.0!mm!(May!–!Sept!20th).!Typically,!
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months!with!the!greatest!amounts!of!precipitation!occurred!during!the!fall!over!the!study!period.!However,!events!with!larger!intensities!occurred!during!the!spring/summer,!shown!in!Figure!28.!!!
!Figure!28:!Temperature!and!precipitation!over!the!study!period!from!the!McIntosh!meteorological!station!! The!winter!months!of!2011and!2012!saw!above!average!temperatures!compared!with!historical!means.!In!2012,!temperature!rarely!stayed!consistently!below!the!freezing!mark,!or!reached!the!30Kyear!historical!monthly!average!temperature!for!January!/!February!of!K6.7°C!and!K6.0°C!respectively.!!As!a!result,!minimal!snowpack!accumulation!occurred!during!the!winter!of!2012.!When!snow!did!remain,!it!was!often!for!a!short!duration!prompting!quick!flow!response!in!the!tiles!(see!chapter!5).!!The!majority!of!the!precipitation!events!during!the!2012!winter!occurred!as!rainfall!and!thus!minimized!the!spring!melt!conditions.!!
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!
(Figure!30:!Monthly!precipitation!totals!compared!with!the!30Kyear!monthly!average!precipitation!totals(!
Figure!29:!Monthly!precipitation!totals,!largest!storm!event,!and!that!events!intensity!from!McIntosh!Meteorological!data!
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Monthly!precipitation!totals!were!compared!with!the!30Kyear!average!(1971K2000)!precipitation!totals!(Figure!29!&!30).!!2011!and!2012!saw!below!average!precipitation!in!summer.!The!growing!season!of!2012!was!the!driest!of!the!years!studied:!with!98.4mm!difference!in!total!precipitation!between!the!2011!and!2012!growing!seasons.!2011!and!2013!saw!a!very!wet!spring!conditions!(April,!May,!June)!cause!delay!in!planting!both!years.!!2011!was!30mm!above!average,!and!2013!was!128.5mm!above!average!over!this!period.!!Winter!precipitation!was!typically!average,!however,!missing!snowpack!data!restricted!the!total!amount!of!precipitation!and!limited!diversity!in!analysis!of!events!such!as!rain!on!snow!events.!!Further!analysis!of!historical!rainfall!patterns!from!the!Stratford!weather!station!(located!43°22’!N,!81°00’!W!at!an!elevation!of!345m!and!is!~!30km!NNE!from!the!McIntosh!field!site)!were!carried!out!to!determine!the!probabilities!of!reoccurrence!of!similar!years!to!those!studied.!!!While!the!data!set!is!incomplete!for!2011,!2012!saw!below!average!precipitation!(643.4!mm!–!average!at!Stratford!of!804.56!mm),!and!was!not!within!1!standard!deviation!of!the!mean!precipitation!from!Stratford!(lower!limit!671.89!mm).!!Calculating!a!cumulative!frequency!distribution!of!the!annual!rainfall!totals!from!1960!to!2006!of!the!Environment!Canada!data!revealed!that!the!probability!of!obtaining!less!than!650mm!rainfall!in!a!year!to!be!≤20%!and!the!probability!of!receiving!less!than!600!mm!rainfall!in!a!year!to!be!≤10%!(see!Figure!31).!!Overall!precipitation!!(including!snow)!was!not!analyzed!due!to!the!restriction!of!no!snowpack!data!available!at!the!McIntosh!site!for!analysis.!!This!is!later!addressed!for!analysis!of!antecedent!hydrological!conditions!in!Chapter!6,!and!for!addressing!the!annual!water!balance!in!Chapter!8.!!
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The!importance!of!understanding!the!probability!of!occurrence!of!limited,!or!extensive!rainfall!years,!is!directly!related!to!the!effectiveness!of!the!fields!to!perform!for!optimal!crop!output.!!There!is!consensus!that!years!with!extensive!rainfall!can!cause!restrictions!in!tile!performance,!limiting!water!table!drawdown,!cause!an!increase!in!water!content!in!the!root!zone!and!reduce!rooting!depth!causing!potential!harm!to!crops!and!yields.!!Conversely,!years!with!limited!water!availability!are!known!to!place!substantial!limitations!on!crop!growth.!!!!
!
!
!
!
! !
!
!
!
!
!
!
!
!
!
!
!
!
!
! 4.1.2(Comparison(to(Other(meteorological(stations(!
Precipitation+regression+analysis+! Monthly!precipitation!sums!were!utilized!from!4!datasets!surrounding!McIntosh!farm!to!create!a!more!robust!set!of!monthly!precipitation!in!the!area!for!comparisons!and!analysis!of!accuracy.!A!secondary!purpose!of!this!data!collection!was!to!determine!if!local!farmers!could!carry!out!analysis!through!publically!available!data,!to!avoid!having!expensive!monitoring!stations!set!up!on!their!own!
Figure!31:!!Cumulative!frequency!analysis!of!historical!rainfall!data!from!1960!K!2006!in!Stratford!Ontario.!!Vertical!lines!represent!+K!1!std.!deviation!about!the!mean.!n=47!
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fields!to!determine!precipitation!amounts!for!their!own!locations.!!Regression!analysis!also!serves!as!a!potential!aid!for!similar!hydrological!analysis!to!be!conducted,!without!direct!instruments!set!up.!Additional!data!was!collected!from!the!Perth!conservation!authority!stations!within!relative!proximity!to!the!field!site!at!McIntosh!Farms.!!Regression!analysis!was!performed!on!precipitation!data!gathered!from!the!McIntosh!site!to!data!from!Environment!Canada!and!from!the!Perth!conservation!authority!data!for!sites!located!within!50km!(Stratford,!Avon,!Trout!Creek!and!Orr!Dam).!!!Precipitation!data!was!accumulated!as!monthly!values!and!compared!on!a!yearly!basis,!as!well!as!isolating!the!growing!seasons!(MayKOctober)!for!analysis!of!variation.!!
!
4.1.3(Results!!Pearson!correlation!coefficient!(r2)!for!monthly!precipitation!data!compared!to!the!siteKspecific!McIntosh!data!was:!0.638!(Stratford!99%!C.I),!0.556!(Avon!99%!C.I.),!0.734!(Trout!Creek!99%!C.I.),!and!0.816!(Orr!Dam!99%!C.I)!!n=20!respectively.!!Of!the!four!stations!analyzed,!the!closer!the!metrological!station!was!to!the!McIntosh!site,!the!higher!the!correlation.!!!This!showed!that!it!was!possible!to!obtain!precipitation!data!elsewhere!in!order!to!obtain!similar!input!variables!for!water!budget!computation,!as!having!an!inKsitu!meteorological!station!for!personal!farmers!use!may!not!be!economically!feasible.!!!These!tests!were!also!performed!to!check!confidence!of!the!precipitation!data!collected!to!ensure!values!were!within!an!acceptable!range.!In!the!summer!&!growing!season!months!however,!the!variability!is!much!more!pronounced!with!the!range!of!r2!=!0.25!–!0.79!n=8.!!The!summer!variability!can!be!largely!attributed!to!the!convective!nature!of!storm!events!
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occurring!in!southern!Ontario!during!the!warm!summer!months.!Heavily!localized!precipitation!events!may!have!significant!impact!on!certain!fields,!while!no!precipitation!may!fall!on!others.!The!summer!variability!can!be!further!emphasized!by!analysis!that!showed!stations!even!within!close!spatial!proximity!experienced!significantly!different!precipitation!amounts.!!Meteorological!data!that!was!collected!from!the!Perth!conservation!authority!showed!positive!spatial!correlation!to!the!McIntosh!site.!!The!closest!station!available!was!~3.2km!from!the!McIntosh!site!and!had!a!summer!r2!value!of!0.79,!99%!C.I.!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!
Figure!32:!!Yearly!Precipitation!regression!of!McIntosh!MET!compared!to!other!local!meteorological!station.!
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!
!!! Based!on!the!availability!of!data,!local!farmers!could!utilize!available!precipitation!information!from!conservation!authorities,!Environment!Canada,!or!other!private!or!governmentKfunded!sources!to!further!understand!optimal!crop!growth!potential.!!Local!farmers!can!do!this!by!using!precipitation!information!to!isolate!years!with!bumper!crops!and!those!that!experienced!crop!failures!or!markedly!reduced!yields!as!well!as!enhancing!farm!best!management!practices.!!! The!availability!of!instrumentation!at!this!field!site!enabled!us!to!carry!out!further!analysis,!with!a!high!degree!of!confidence!that!due!to!the!very!close!spatial!proximity!of!all!fields,!precipitation!is!the!same!among!all!fields.!!However,!because!
Figure!33:!Summer!month!correlations!to!McIntosh!site!precipitation.!!Orr!Dam!95%!C.I.;!Trout!Creek!not!Confident!at!95%;!Avon!99%!C.I.;!Environment!Canada!Stratford!95%!C.I!
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of!each!fields!varying!size,!tileKline!to!tileKline,!those!areas!were!isolated,!and!normalization!of!precipitation!based!on!area!was!conducted.!! Normalizing!of!precipitation!volume!by!field!size!(Figure!34)!was!necessary!in!order!to!preform!other!comparisons!such!as!a!water!balance!(Chapter!8),!and!to!effectively!compare!discharge.!The!fields!varied!in!size:!9509.76m2!(A!K!CT),!8077.20m2!(B!K!NT)!and!7467.70m2!(C!K!MT).!!Weekly!rainfall!totals!for!the!duration!of!the!study!were!calculated!and!values!were!normalized!based!on!size!of!each!field.!!This!was!also!done!on!the!basis!for!each!individual!storm!event,!as!to!be!identified!further!in!Chapter!5.!The!weekly!precipitation!values!were!compared!to!the!discharge!values!from!the!tiles!(Figure!35).!!Results!showed!little!correlation,!likely!due!to!the!impact!of!additional!variables,!such!as!antecedent!field!conditions!and!crop!water!use.!!!!!!
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Figure!34:!Weekly!normalized!precipitation!volume!inputs!by!field!for!the!study!duration!
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!! Figure!35:!Weekly!discharge!and!precipitation!volume!(m3)!based!on!the!size!of!the!fields!at!McIntosh!Farm.!!Data!showing!null!values!were!excluded!to!show!correlation!when!flow!was!registered.!!Field!A!(0.104!n=59)!98%!C.I;!Field!B!(r2!0.039!n=59)!not!confident!at!95%!C.I.;!!Field!C!(0.139!r2!n=59)!99%!C.I.!!! The!summer!months!were!characterized!by!convection!events!of!higher!intensity!than!was!evident!in!the!other!seasons.!!This!was!coupled!with!periods!of!little!to!no!precipitation!and!typically!high!temperatures!resulting!in!dry!conditions!preceding!the!next!summer!convective!storm.!!In!June!2012,!47%!of!the!total!monthly!precipitation!(76.7mm)!occurred!from!one!storm!event!(June!1st!–!36.1mm),!and!64%!of!total!precipitation!came!from!two!events!in!the!month!(June!1st!–!36.1mm,!June!21st!12.9mm).!!!The!remainder!of!the!precipitation!was!temporally!close!to!those!events,!indicating!a!period!of!atmospheric!instability.!!This!pattern!was!witnessed!in!other!summer!months!in!2011!and!2012!as!well.!Similarly,!in!August!2012,!49.1%!of!total!monthly!precipitation!occurred!in!one!event!(August!10th,!31.4mm).!!!The!increased!water!use!by!crops,!dry!antecedent!hydrologic!conditions!and!high!temperatures!produced!predictable!no,!or!very!reduced!flows!over!the!growing!seasons.!!
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4.2(Temperature(Temperatures!showed!typical!diurnal!and!yearly!patterns!for!the!region!under!a!moderate!humid!continental!climate.!The!summer!period!(June!–August)!of!2013!was!the!coolest!of!the!summer!months!during!the!study!period.!!June!and!July!had!an!average!of!17.82°C!and!20.27°C!respectively,!which!was!above!the!30Kyear!mean!of!17.4°C!and!19.7°C!(Stratford!Environment!Canada!station).!!August!of!2013!was!1.7°C!below!average.!!Figures!36!and!37!note!the!monthly!temperature!averages!and!variations!from!the!30Kyear!mean.!!Mostly,!temperatures!over!the!duration!of!the!study!period!were!above!average,!with!2012!experiencing!a!significantly!aboveKaverage!monthly!winter!temperatures.!!
!Figure!36:!!Average!Monthly!temperature!throughout!the!study!period!from!April!2011!K!August!2013.!!30Kyear!temperature!averages!are!also!shown!for!comparison!from!Environment!Canada's!Stratford!station!
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!Figure!37:!!Average!monthly!temperature!difference!from!the!30yr!historical!average!monthly!temperature!from!the!Environment!Canada!Stratford!station!!! The!30Kyear!historical!mean!differed!significantly!from!that!of!the!2012!winter.!The!temperature!in!2012!rarely!stayed!consistently!below!the!freezing!mark,!or!the!30Kyear!historical!January!and!February!average!K6.7°C!and!K6.0°C!respectively.!!This!resulted!in!low!snowfall!accumulations,!and!thus!reduced!volume!of!spring!melt!for!a!typical!melt!scenario.!!Above!average!temperatures!in!the!summer!months!were!most!noticeable!during!the!2012!season,!which!coincided!with!below!average!precipitation!amounts.!Majority!of!the!events!occurring!over!the!summer!months!were!convective!in!nature!and!therefore!of!greater!intensity!than!events!occurring!over!the!other!months!of!study.!!!! The!highest!maximum!temperatures!were!reached!in!July!for!each!year.!2011!saw!temperatures!above!30°C!in!May,!June!and!July.!!2012,!the!hottest!of!the!years,!experienced!temperatures!above!30°C!in!May!through!September!while!2013!saw!temperatures!above!30°C!only!in!June!and!July.!!!Minimum!temperatures!were!experienced!in!the!winter!of!2013!with!K24.7°C!occurring!in!February!and!K22.1°C!
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occurring!in!January.!!The!limited!2011!data!collection!season!saw!temperatures!reach!the!lowest!in!December!(K14.6°C)!with!April,!October,!November!also!experiencing!temperatures!below!0°C.!!! In!2012,!temperatures!reached!K22.8°C!in!January!and!the!study!site!experienced!temperatures!below!K10°C!in!4!months!of!the!year.!!Temperatures!in!2012!reached!below!0°C!in!7!of!the!months:!January,!February,!March,!April,!October,!November,!and!December.!!!2012!also!saw!considerable!fluctuations!in!temperatures.!Monthly!temperature!range!was!typically!most!pronounced!during!the!winter!with!the!most!extreme!being!43.4°C!(March!2012)!.!!The!average!daily!temperature!varied!over!the!study!period,!showing!a!bimodal!distribution.!!
!Figure!38:!The!frequency!of!average!daily!temperature!throughout!the!entire!study!period.!Individual!years!variations!require!analysis!within!each!year,!as!noted!by!the!variations!from!the!30!year!mean!in!Figure!37.!!! The!significantly!belowKaverage!precipitation!for!the!summer!months!in!2012!coupled!with!aboveKaverage!temperatures,!produced!droughtKlike!conditions!and!reduced!crop!yield!as!noted!from!farmer!Bob!McIntosh.!!!The!abnormal!temperature!trends!for!the!region!suggest!the!need!for!greater!study!length!to!
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incorporate!a!more!robust!data!set!to!include!years!of!cooler!temperatures!to!analyze!differences!in!field!hydrology.!!!!
( 4.3(Antecedent(conditions(selection!! General!antecedent!hydrologic!conditions!(AHCs)!were!selected!for!preliminary!analysis!based!on!previous!literature!and!similar!studies!conducted!within!southern!Ontario.!These!conditions!are!necessary!to!introduce!prior!to!the!construction!of!field!site!specific!AHCs!that!are!discussed!in!greater!detail!in!Chapter+
6!because!of!their!known!impact!on!field!scale!hydrology!discussed!in!Chapter+5.!!Chapter!6!discusses!further!modifications!to!the!methods!discussed!below!that!were!necessary!to!obtain!optimal!field!parameterization!for!further!hydrologic!analysis.!As!meteorological!parameters!are!critical!for!analysis!of!AHCs!and!are!discussed!in!this!Chapter!the!topic!is!introduced!here.!!Antecedent!conditions!were!initially!categorized!for!the!purposes!of!analysis!following!closely!with!analysis!from!Macrae+et+al+2010.!!In!this!study!antecedent!conditions!were!characterized!by:!1) PreKevent!water!table!position!2) PreKevent!stream!flow!rate!3) Two!week!antecedent!stream!discharge!4) Cumulative!seven!day!and!14!day!antecedent!precipitation!5) Seasonality!! Like!the!study!at!Strawberry!Creek!in!South!Western!Ontario!(Macrae!et!al.,!2010)!this!study!utilizes!many!of!the!parameters!and!instruments!that!allow!for!continuity!between!studies!on!antecedent!conditions!identification.!!The!Strawberry!Creek!study!demonstrated!that!there!was!little!storm!response!to!precipitation!under!very!dry!AHCs.!!However,!response!generally!
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increases!as!precipitation!amount!increases!(Macrae!et!al.,!2010).!!This!was!also!shown!to!have!a!general!trend!when!examining!the!preliminary!data!available!at!the!McIntosh!site!(Chapter!5).!!!!!
4.3.1(Antecedent(Soil(Moisture(! Antecedent!basin!moisture!conditions!are!equated!to!the!fields’!overall!conditions.!!Events!to!be!examined!(Chapter!5)!and!related!to!antecedent!conditions!(Chapter!6)!are!selected!based!on!hydrograph!response!rather!than!precipitation.!In!this!study,!we!were!unable!to!obtain!the!preKevent!water!table!position!at!each!field!due!to!the!absence!of!ground!water!wells!on!each!field.!!!For!the!purposes!of!our!study!then,!preKevent!soil!moisture!was!utilized!from!the!soil!moisture!profiles!on!fields!A!(CT)!and!B!(NT)!to!quantify!soil!conditions.!!This!was!accomplished!by!determining!volumetric!soil!moisture!for!each!soil!horizon!from!the!TimeKDomain!Reflectrometry!(TDR)!probes!installed!in!the!fields!and!then!calculating!preKstorm!storage!capacity.!!Quantifying!each!soil!layers!field!capacity,!and!by!knowing!the!volumetric!water!content!of!the!soil!7!days!before!the!event!it!was!possible!to!quantify!soil!storage!antecedent!conditions.!!!Quantifying!these!soil!parameters!greatly!improved!the!ability!to!define!preKevent!antecedent!conditions!as!well!as!aiding!in!identifying!relationships!between!antecedent!soil!conditions!and!the!way!in!which!an!event!responds!in!terms!of!tile!discharge.!!In!order!to!determine!appropriate!events!for!analysis!of!antecedent!conditions!impacts!on!tile!discharge!preliminary!analysis!was!carried!out!examining!weekly!tile!discharge!rates,!as!well!as!identifying!an!average!discharge!rate!on!a!
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weekly!basis!over!the!study!period.!!!These!values!were!used!in!conjunction!with!other!measured!meteorological!and!soil!parameters!to!help!classify!events.!!!Other!measured!parameters!include!7Kday!and!14Kday!total!precipitation!(mm),!daily!and!weekly!average!temperature!and!daily!soil!moisture!values.!!These!parameters!were!the!initial!basis!for!the!development!of!identification!of!antecedent!conditions!for!the!field.!!Since!each!field!is!currently!utilizing!different!tillage!practices,!antecedent!conditions,!discharge!and!runoff!efficiency!are!conducted!for!each!field!despite!having!minimal!spatial!and!temporal!variation.!!The!common!surficial!geology,!which!underlines!the!similarities!between!the!fields,!is!altered!only!by!the!tillage!methods!practiced!on!each!field!section!(see!Chapter!2).!The!fields!are!also!within!20m!of!each!other,!minimizing!spatial!variability!of!other!parameters.!!This!shows!the!importance!of!analyzing!each!individual!fields!hydrologic!characteristics!further.!Additional!analysis!was!conducted!on!runoff!ratio!comparisons!amongst!fields.!We!were!able!to!utilize!the!7Kday!and!14Kday!cumulative!precipitation!preceding!each!event!and!isolate!the!associated!discharge!where!those!specific!events!showed!no!backpressure!from!any!of!the!field’s!tile!flow.!This!allowed!for!better!initial!comparison!between!fields!for!the!same!storm!events,!as!actual!hydrograph!response!was!not!skewed!by!the!backpressure!issues!in!fields!B!(NT)!and!C!(MT).!!!!It!was!observed!that!under!various!antecedent,!meteorological!and!temporal!conditions!the!tiles!would!reach!capacity!flow,!and!plateau!on!the!hydrograph!resulting!in!prolonged!drainage,!and!an!unnatural!hydrograph.!Additionally,!daily!and!weekly!average!temperatures!were!selected!for!these!time!periods!to!aid!in!
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giving!an!initial!understanding!of!the!evaporative!potential!during!that!time!frame!which!will!affect!the!upper!layers!of!soil!during!months!without!snow!or!crop!cover,!and!have!a!large!impact!during!growing!season!for!crop!water!availability.!!Each!event!was!further!identified!by!season,!similar!to!that!of!which!was!used!in!the!paper!of!Macrae+et+al+2010+identified!earlier!in!this!section.+!!Winter,!spring/fall!and!summer!were!used!as!indicators!of!growing!potential!and!identified!by!calendar!date.!!Initially,!antecedent!conditions!were!solely!selected!based!on!precipitation!amounts!two!weeks!prior!to!any!specific!event!while!making!note!of!the!season!that!each!event!took!place.!!!This!was!done!to!generalize!field!conditions!and!make!AHCs!accessible!from!a!management!perspective!for!farmers.!Many!farmers!will!have!access!to!accurate!precipitation!and!temperature!information!through!local!watershed!or!conservation!authorities!and!can!therefore!utilize!this!method!for!their!own!purposes.!!Classification!of!AHCs!by!precipitation!characterization!will!be!compared!to!that!of!the!method!identified!in!section!4.3!with!the!addition!of!monitoring!of!soil!moisture!parameters!as!well!as!evapotranspiration!in!order!to!determine!as!accurately!as!possible!the!fields!AHCs.!Results!are!further!discussed!in!Chapter!6.!!
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Chapter(5((Quantifying(Drainage(Efficiency(in(
( Agricultural(Tile(Drainage(
( (Increasing!drainage!efficiency!in!soils,!with!elevated!percentage!of!clay,!is!often!essential!in!an!agricultural!system!to!maintain!optimal!soil!moisture!levels!for!crop!growth!and!to!obtain!maximum!possible!crop!yield.!!The!addition!of!tile!drains!to!agricultural!fields!can!result!in!delayed,!but!increased!drainage!from!fields,!on!the!order!of!10%!relative!to!drainage!prior!to!tile!installation!(Skaggs!et!al.,!1994).!!Complications!may!arise!if!the!tiles!are!not!able!to!remove!water!fast!enough!from!the!fields!or!the!flow!within!the!tile!is!restricted.!!Studies!conducted!in!Wisconsin!on!7!farms!reported!backwater,!or!backpressure!conditions!during!and!following!storm!events!(Cooley!et!al.,!2010).!!Here!the!hydrographs!were!characterized!by!abrupt!changes!in!stage,!a!elongated!plateau,!followed!by!a!steep!recession!(Cooley!et!al.,!2010),!similar!to!the!tile!discharge!patterns!observed!at!the!McIntosh!site.!!The!hydrographs!of!these!events!and!those!at!McIntosh!were!unnatural!in!terms!of!their!physical!shape!each!with!elongated!plateaus!at!‘peak’!flow!relative!to!nonObackpressure!events.!!Factors!impeding!tile!drainage!include!root!encroachment!from!crops,!fauna,!or!the!buildup!of!small!pebbles!and!sediment!(Cooley!et!al.,!2010).!!In!order!to!compare!the!hydrology!of!the!three!tillage!practice!field!sites,!synthetic!hydrographs!were!prepared!for!fields!B!(NT)!and!C!(MT)!due!to!these!backpressure!problems.!A!total!of!39!events!occurred!during!the!study!period:!14!(36%)!were!nonObackpressure!while!25!(64%)!experienced!backpressure.!!Very!early!in!the!study!tree!roots!had!blocked!tiles!draining!field!site!A!(CT),!resulting!in!overflow!and!backpressure.!!After!the!tiles!were!replaced!backpressure!was!no!
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longer!an!issue.!!As!tiles!at!fields!B!(NT)!and!C!(MT)!are!>50m!from!trees,!it!is!assumed!that!sheer!volume!plus!possible!crop!rooting!problems!created!backpressure!issues!and!reduced!drainage!efficiency!at!both!of!these!sites.!! This!chapter!and!the!proceeding,!address!the!integral!objectives!of!this!thesis!relating!to!the!analysis!of!vadose!zone!hydrology,!comparatively!and!within!each!of!the!three!different!tillage!methods!practiced!at!McIntosh!Farm.!!Typically!in!southern!Ontario!farm!fields!tiles!are!utilized!to!enhance!field!drainage!efficiency!in!order!to!increase!crop!productivity.!!Drainage!efficiency!(total!discharge!divided!by!total!precipitation!contribution)!after!rainstorm!or!snowmelt!events!is!highly!variable!and!a!function!of!antecedent!soil!moisture,!rainfall/snowmelt!volume!and!intensity,!coupled!with!the!spacing,!gradient!and!diameter!of!drainage!tiles.!!When!backpressure!occurs!within!the!tile!systems!it!is!necessary!to!formulate!a!synthetic!hydrograph!correction!method!to!create!a!realistic!approximation!of!the!volume!of!flow!within!the!tile!system.!In!order!to!calculate!nutrient!export!from!agricultural!fields!where!backpressure!is!an!issue!such!a!method!is!required.!!Creation!of!a!volume!flow!ratio!among!fields!when!backpressure!is!not!an!issue,!determination!of!the!timing!to!peak!flow!rate!and!identification!of!ascending!and!descending!hydrograph!inflection!points!are!utilized!in!the!creation!of!synthetic!hydrographs!that!better!represent!the!total!volume!of!flow!discharged!from!each!‘treatment’!field!for!each!study!period!storm!and!melt!event.!!As!backpressure!creates!significant!problems!for!determining!nutrient!export!from!farm!fields!formulation!of!a!synthetic!hydrograph!to!produce!a!good!approximation!of!discharge!volume!is!
! 130!
essential.!!In!Chapter!8!these!results!will!be!utilized!to!assist!in!determining!the!water!balance!of!the!three!treated!fields.!(
(
5.1(Backpressure(in(tiles(
( VOnotch!weir!boxes!were!built!at!the!University!of!Waterloo!prior!to!installation!on!each!field’s!tile!lines.!!Calibration!of!the!weir!boxes!in!the!lab!prior!to!installation!with!no!restrictions!on!weir!discharge!yields!the!following!relationship:!!
y = (0.186× x2.5 )×1000 ! ! Equation!5.1!!Noted!in!Figure'39,!the!rate!of!flow!should!increase!according!to!the!height!in!
the!15°!V!–notch!in!the!weir!box!by!equation!2.!!!Calibration!of!the!VOnotch!weirs!in!the!lab!at!discharges!above!the!1.75L/s!stage!was!difficult!and!prone!to!error.!!The!slope,!roughness!and!diameter!of!the!tiles!installed!at!the!McIntosh!farm!are!factors!limiting!the!use!of!the!labObased!stageOdischarge!relationship.!!!
Figure!39:!VONotch!stage!in!the!V!to!discharge!relationship.!The!dotted!line!represents!maximum!Manning’s!Tile!flow!calculated!for!each!field!(placed!at!3L/s!due!to!scale)!
(
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Creation!of!hydraulic!backpressure!puts!a!cap!on!the!amount!of!flow,!which!can!be!discharged!through!the!tiles!despite!the!height!of!the!water!level!in!the!VONotch.!!Equation!2!demonstrates!the!relationship!shown!in!figure!39!and!the!dotted!line!represents!the!maximum!capacity,!discussed!in!Manning’s!equation!below.!!As!noted!above,!the!backpressure!issue!was!particularly!evident!on!sites!B!(NT)!and!C!(MT)!!and!occurred!only!at!the!beginning!of!the!study!at!site!A!(CT).!!This!can!be!seen!further!in!figures!40!&!42,!as!sharp!rises!to!plateau!flow!rates!are!observed!to!occur!on!65O70%!of!all!events.!Manning’s!equation!was!used!to!determine!maximum!volume!able!to!flow!through!the!tiles!of!the!various!fields!given!surveyed!slope!of!the!field!determined!through!GPS!surveys.!!The!slope,!the!roughness!(manning’s!coefficient!–!n,!used!in!this!case!for!identification!of!the!resistance!of!the!corrugated!tile!to!the!flow!of!water!in!it)!and!the!diameter!of!the!tile!contributes!to!limiting!discharge!capacity!of 
the tiles. Manning’s Formula is:  
 
 
Equation 5.2 where:!n!is!the!roughness!parameter!of!the!pipe!–!!(0.018O0.025,!roughness!factor!of!PVC!with!corrugated!walls,!utilized!0.018!for!final!calculation)!! D!is!the!diameter!of!the!Pipe!(0.1016m!–!4”)!!! S!is!the!slope!of!the!pipe!(Table!20)!!!! !!!!
Q = 0.312n
!
"
#
$
%
&×D2/3 × S1/2
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!
Slope(of(fields( %(Grade( Max(Flow((L/s)(A!(CT)! 0.63! 3.09!B!(NT)! 0.58! 2.97!C!(MT)! 0.53! 2.84!
Slope(of(fields( %(Grade(adjusted(to(
demonstrate(sensitivity((
Max(Flow((L/s)(
A!(CT)! 0.79! 3.46!(12%!increase)!B!(NT)! 0.73! 3.32!(11.6%!increase)!C!(MT)! 0.66! 3.17!(11.6%!increase)!
 
 ! Each!field!had!varying!slopes;!which!was!the!main!determining!factor!in!difference!among!maximum!flow!capacity!of!the!tiles!(Table!20).!!Determination!of!maximum!(Manning’s)!flow!capacity!enabled!quantification!of!tile!flow!capacity!within!each!field!site.!!Figure!39!illustrates!that!within!the!range!of!maximum!discharge,!the!maximum!stage!in!the!weir!boxes!should!(without!backpressure!conditions)!have!been!~25cm!above!the!V.!!During!backpressure!events!the!stage!was!close!to!the!top!of!the!weir!box!or!sometimes!viewed!as!overflowing!onto!the!field!itself.!!!To!illustrate!this!issue,!Figure!40!represents!one!of!many!(65%)!events!that!showed!backpressure!characteristics.!!The!sharp!rise!to!peak!flow!rate,!and!plateau!for!several!hours!before!a!rapid!reduction!in!stage!in!the!V!(flow!rate)!to!near!preOevent!flow!rate!produces!extreme!values!for!total!event!volume.!This!therefore!has!the!potential!to!skew!calculation!of!nutrient!export!from!fields.!!
Table!20:!(top)!Slope!of!tiles!from!survey!information!gathered!on!each!field!and!associated!maximum!flow!rate!possible!for!a!4"!tile!when!full!(bottom)!sensitivity!analysis!to!slope!of!field!increased!by!25%!of!original!slope.!
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!Backpressure!in!tile!drainage!creates!farming!management!issues!with!crop!productivity!and!more!specifically,!for!the!purposes!of!quantifying!field!tile!discharge,!problems!in!interpreting!the!storm/melt!hydrographs!within!the!affected!fields.!!During!these!periods!the!tiles!ability!to!remove!excess!water!and!maintain!optimal!soil!water!conditions!for!crop!growth!is!reduced.!!In!a!wet!summer!this!will!have!significant!implications!for!crop!productivity!as!elevated!water!levels!for!longer!periods!of!time!promote!anaerobic!conditions!not!conducive!for!root!growth!but!conducive!for!root!rot.!!Further,!these!conditions!promote!denitrification!and!this!loss!of!nitrate!contributes!to!lower!crop!productivity!and!the!resulting!production!of!N20!contributes!to!greenhouse!gas!concentrations!in!the!atmosphere.!!Hydrologically,!the!rise!in!water!table!would!increase!the!moisture!content!in!the!soils!above!the!tiles,!causing!greater!connectivity!with!the!surface!horizons!by!increasing!hydraulic!conductivity.!!The!soil!texture!(Chapter!3)!having!high!clay!content!(+60%!lower!horizons)!is!conducive!to!worm!hole!creation.!!It!was!
Figure!40:!Example!of!backpressure!hydrograph!from!field!B!(NT).!!The!sharp!rise!to!the!plateau!on!the!rising!limb,!and!the!steep!recession!limb!are!defining!characteristics!
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observed!at!the!site!that!the!occurrences!of!these!macropores!(0.5O1cm!in!diameter)!were!occurring!3O5/m2.!!This!is!further!evident!in!Figure!41!as!the!clayOrich!soils!would,!given!matrix!flow,!produce!very!low!hydraulic!conductivities,!yet!response!times!in!the!groundwater!well!were!within!hours,!or!less!from!precipitation!onset.!!!!!!!!!!!This!was!consistent!across!the!data!set.!!!These!macropores!thus!increase!hydrologic!response!in!the!tiles!to!rain!or!melt!events!(Steenhuis!&!Parlange.,!1991;!Trojan!and!Linden.,!1992;!Macrae!et!al.,!2010)!and!the!increased!soil!moisture!content!often!resulting!from!backpressure!lengthens!the!amount!of!time!it!would!take!to!lower!the!water!table!to!optimize!water!content!within!the!rooting!zone.!This!acts!to!both!speed!up!transport!to,!and!restrict!drainage!from!the!fields.!!By!increasing!the!speed!with!which!water!can!make!it!to!the!groundwater!table!and!into!the!tiles!this!will!eventually!overload!the!systems!capabilities!of!discharging!precipitation!source!water!as!noted!above.!Thus,!what!appears!to!be!a!structure!conducive!to!speeding!up!drainage!is!actually!slowing!it!down!and!during!wet!summers!this!will!impact!
Figure!41:!Ground!water!level!from!surface!recorded!from!field!B!(NT)!for!the!duration!of!the!study!(Nov!2011!O!Jan!2013)!
! 135!
crop!productivity.!!For!example,!the!hydraulic!response!is!noted!is!noted!from!the!well!data!gathered!from!field!B!(NT)!(Figure!41!&!16),!where!elongated!plateaus!correspond!to!backpressure!events.!In!order!to!quantify!the!roll!of!agricultural!nutrient!export!to!freshwater!systems,!which!is!a!major!ecological!issue!in!the!Great!Lakes!basin,!it!is!necessary!to,!as!accurately!as!possible,!calculate!the!total!discharge!volume!from!each!backpressure!event.!!!!!
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(
Figure!42:!!Identifying!events!that!experienced!backpressure!due!to!restricted!flow!(box!identifying!3!L/s!cap),!or!reached!maximum!flow!capacity!of!the!tile!(2.8!O!3.2!L/s).!!Comparatively,!nonObackpressure!events!(box!identifying!lower!flow!rates)!were!limited,!and!were!at!a!much!less!flow!rate!(0.2!O!2.0!L/s)!
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5.2(NonNbackpressure(Event(Hydrograph(Analysis(For!several!storm!events,!conditions!were!such!that!no!backpressure!occurred!in!any!of!the!treatment!fields.!!For!these!7!events!in!2011,!volumetric!comparisons!were!made!of!the!tile!discharge!gauged!at!the!respective!weir!boxes!and!flow!ratio!comparisons!made.!!Early!in!the!study!the!tiles!draining!to!the!weir!box!in!field!A!(CT)!were!replaced!due!to!root!invasion!by!nearby!maple!trees.!!From!that!point!on,!backpressure!was!not!an!issue!during!any!of!the!storm!or!melt!events!at!this!site.!!It!was!assumed!that!examining!the!ratio!of!field!A!(CT)!discharge!to!both!field!B!(NT)!and!field!C!(MT)!would!provide!a!basis!on!which!to!predict,!with!some!confidence,!total!volumetric!discharge!from!storms/melt!periods!when!backpressure!was!an!issue.!!Range!of!nonObackpressure!events!among!fields!were!from!2m3!!(field!C)!to!114m3!!(field!A).!!Identifying!that!the!ratio!analysis!encapsulates!a!broad!spectrum!of!events!and!conditions.!!The!ratio!method!will!eventually!enable!comparative!analysis!among!the!treatment!fields!to!identify!differences!among!tillage!methods!in!terms!of!hydrological!response!to!storm/melt!events.!!Field!A!(CT)!was!the!benchmark!for!analysis!of!nonObackpressure!events!to!assist!with!construction!of!the!synthetic!hydrographs;!however,!under!certain!instances!where!backpressure!occurred!on!field!A!(CT)!corrections!for!field!B!(NT)!and!C!(MT)!were!compared!based!on!total!volume!of!event!flow.!!!!!
5.2.1(Hydrograph(Characteristics(The!events!used!for!analysis!are!identified!in!Figures!43!&!44.!!Hydrographs!for!nonObackpressure!events!indicate!similarities!in!response!characteristics!among!
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fields,!however!this!was!not!always!the!case!and!were!interpreted!to!demonstrate!the!highly!episodic!nature!of!the!study!sites!hydrology.!!Hydrograph!response!for!a!moderate!sized!rainfall!event!(12.9mm)!preceded!by!dry!conditions!(Event!13,!Figure!43!(a))!showed!similarities!between!fields!A!(CT)!and!B!(NT).!!Reasoning!for!similarities!will!be!explored!further!in!Chapter!6!with!respect!to!Antecedent!Hydrologic!Conditions!(AHCs).!!The!similarities!between!the!hydrographs!are!noted!by!the!sharp!rise!to!peak,!similar!peak!flow!rates!and!slope!of!the!recession!limb.!!This!may!be!attributed!to!similarities!in!soil!composition!and!structure,!including!the!presence!of!preferential!flow!pathways!(notably!vertical!worm!holes!and!during!dry!periods,!surface!cracks)!in!the!system!expediting!infiltration!to!depth.!!Differences!in!field!‘treatment’!response!to!storm!events!was!also!evident.!!For!example:!the!successive!events,!Event!14!and!15,!Figure!43!(b),!were,!for!the!first!storm!(20.5mm),!preceded!by!dry!AHCs.!This!first!discharge!event!was!then!followed!by!then!moderately!wet!AHC,!and!a!precipitation!event!of!10.5mm.!!Again!field!A!(CT)!and!field!B!(NT)!showed!similar!patterns!in!time!to!peak!flow!and!recession!limb!slopes.!!!Interestingly!field!C!(MT)!showed!a!comparatively!suppressed!hydrograph!and!a!delay!in!time!to!peak!flow!rate.!!These!patterns!were!not!consistent!however!as!is!noted!in!Figure!44!(a).!!During!a!winter!event!with!minimal!precipitation!(1mm!&!~1mm!snowmelt)!field!A!(CT)!showed!a!much!more!rapid!and!greater!response!than!both!field!B!(NT)!and!field!C!(MT).!!Also!during!the!winter!season!(Event!33!–!Figure!44!(b))!a!minimal!precipitation!event!(0.2mm!with!~5mm!snowmelt)!characterized!by!melt!conditions!demonstrated!a!response!of!much!greater!magnitude!under!CT!and!similar!muted!hydrograph!response!
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characteristics!for!both!field!B!(NT)!and!field!C!(MT).!!This!was!noted!as!being!characteristic!of!the!fields!with!field!A!(CT)!often!experiencing!more!persistent!tile!flow!(baseflow)!leading!to!faster!response!times!during!winter!months.!!This!may!be!attributable!to!the!topography!of!field!A!(CT)!being!at!a!lower!elevation!relative!to!field!B!(NT)!or!C!(MT)!(weir!location!lower!25cm!and!41cm!respectively).!However!the!very!gentle!slope!suggests!this!would!be!a!minimal!component!attributing!to!flow!in!the!tiles.!!Surface!roughness!among!all!fields!caused!by!tillage!and!organic!residue!can!restrict!overland!flow!and!may!encourage!ponding.!!This!was!often!observed!in'situ'near!the!weir!locations.!!Field!A!(CT!–!9509.76m2)!was!the!largest!of!the!fields!(field!B!(NT!O!8077.2m2);!field!C!(MT!O!7467.7m2).!!Therefore!we!would!expect!to!see!a!27%!(1.27!area!ratio;!1.5!flow!ratio)!increase!in!flow!volume!from!field!C!to!A,!and!a!18%!(1.18!area!ratio;!1.25!flow!ratio)!increase!from!field!B!to!A!(see!Figures!48!and!49).!!!
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!!
Figure!43:!NonOBackpressure!event!hydrographs!under!various!event!conditions!during!spring!2011.!(a)!Dry!AHC!&!12.7mm!P;!(b)!Successive!events!with!Dry!and!Med!AHCs,!20.5mm!&!10.5mm!P!
(a)!
(b)!
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!!!!!!!!!!!!!!!!!!!!!!
Figure!44:!!NonOBackpressure!events!from!the!winter!2012!under!various!event!conditions.!!(a)!Wet!AHC!with!1mm!P;!(b)!Melt!event!(wet!AHC)!with!0.2mm!P!
(a)!
(b)!
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Analysis!of!all!comparable!nonObackpressure!events!allowed!for!the!creation!of!a!ratio!of!flow!from!both!fields!B!(NT)!and!C!(MT),!relative!to!field!A!(CT).!!Through!event!comparison,!the!creation!of!an!equation!to!estimate!the!volume!of!flow!that!should!be!occurring!from!fields!B!(NT)!and!C!(MT)!during!known!backpressure!events!was!undertaken.!!Total!flow!ratio!comparisons!(Figures!48!&!49)!of!nonObackpressure!events!from!the!raw!data,!although!only!statistically!significant!for!the!A:B!ratio,!is!the!basis!for!estimating!the!total!flow!that!occurs!from!the!tiles!during!backpressure!events!on!field!B!(NT)!or!C!(MT).!!The!average!ratios!of!5:4!(A:B)!and!3:2!(A:C)!were!determined!through!this!analysis!and!were!utilized!for!the!identification!of!a!preliminary!maximum!flow!rate!to!use!for!creation!of!the!synthetic!hydrograph.!!Compared!to!the!field!area!ratios!of!1.18!(A:B)!and!1.27!(A:C),!a!difference!in!area!to!flow!ratio!of!7%!and!23%!was!observed.!!Results!show!linear!correlation!with!confidence!r2=0.506!(A:B)!(n=7,!not!significant!at!the!95%!C.I)!,!r2=0.638!(A:C)!(n=7,!significant!at!the!98%!C.I)!that!can!be!extrapolated!to!the!backpressure!event!flows!(Figures!48!and!49).!!From!the!relationship!established!we!are!able!to!identify!the!adjusted!new!total!discharge!amount!(m3)!with!some!confidence!from!a!backpressure!event!occurring!on!fields!B!(NT)!or!C!(MT).!!The!relationship!identified!for!analysis!for!A:B!was:!
y = 0.3284x + 26.12 ! Equation!5.3!The!relationship!identified!for!A:C!was:!
y = 0.7436x −3.501 ! Equation!5.4!
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! !The!equations!derived!from!these!relationships!enabled!a!constantly!changing!ratio,!which!is!better!suited!for!the!analysis.!!!As!is!evident!in!figures!48!and!49,!the!volume!of!discharge!in!A!(CT)!would!increase,!the!relationship!showed!
a)!
b)!
c)!
d)!
e)!
Figure!45:!!Individual!nonObackpressure!events!selected!from!preliminary!data!to!calculate!backpressure!correction!ratios!for!A:C!
(
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an!equal!increase,!yet!at!a!lower!rate!in!flow!from!B!(NT)!or!C!(MT)!according!to!the!equations!identified.!!
!!!
a)!
b)
)!
c)
)!
d)
)!
e)!
Figure!46:!!Individual!nonObackpressure!events!selected!from!preliminary!data!to!calculate!backpressure!correction!ratios!for!A:B!
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Once!each!field’s!event!had!been!identified!based!on!inflection!points,!volume!of!discharge!(m3)!for!each!individual!event!selected!can!be!calculated.!!The!depth!of!discharge!(m)!was!calculated!based!on!individual!plot!area!for!comparison!amongst!plots.!!!The!values!were!normalized!based!on!dividing!the!volume!of!discharge!(m3)!by!the!area!of!the!field,((A!–!9509.76m2,!B!8077.2m2,!C!–!7467.7m2).!!This!provided!a!depth!in!m,!which!was!converted!to!mm!to!show!the!total!event!flow!for!each!nonObackpressure!event.!!These!values!were!then!divided!to!provide!a!ratio!of!field!C!(MT)!to!A!(CT),!field!B!(NT)!to!A!!(CT)!and!field!C!(MT)!to!B!(NT).!!!!!!!!!!!!!!!!!!!!! Figure!47:!!Inflection!points!identified!as!the!time!at!which!a!significant!change!in!flow!rate!occurs!from!the!previous!trend.!!!Rising!limb!is!noticeable!by!an!immediate!sharp!rise!towards!peak!flow!rate.!Recession!limb!inflection!point!is!also!marked!by!a!return!to!more!steady!flow!rates!
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! Within!the!data!set!there!it!was!determined!that!there!are!three!types!of!hydrographs:!!1) NonOBackpressure!event!hydrographs!2) Backpressure!event!hydrographs!!3) ‘Sharp!peak’!nonObackpressure!event!hydrographs!that!reach!maximum!flow!rate!!Addition!of!‘sharp!peak’!events!after!preliminary!hydrograph!modification!(Identification!of!maximum!tile!flow!capacity!through!Manning’s!equation)!revealed!events!that!also!met!the!nonObackpressure!criteria!(yellow!points!in!Figures!48b!&!49b).!!These!events!were!characterized!by!sharp!peaks!to!the!maximum!tile!flow!
a)!
b)!
Figure!48!(a),!(b):!!A:B!Ratio!average!of!5:4!represented!by!all!available!non!backpressure!events!April!2011!O!June!2012.!!Additions!of!peak!events!after!preliminary!backpressure!analysis!were!added!to!the!dataset!in!the!lower!figure!resulting!in!a!ratio!change!to!6:5!from!5:4!previously.!Events!in!which!one!field!experienced!backpressure!while!the!other!did!not!were!not!selected,!both!had!to!be!experiencing!nonObackpressure!conditions!
(
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capable!followed!by!a!quick!recession!to!more!‘normal’!flow!rates.!The!hourly!interval!for!measuring!flow!rate!produced!uncertainty!in!determining!if!these!‘sharp!peak’!events!maintained!the!maximum!flow!rate!for!an!hour,!or!less!than!an!hour,!therefore!presenting!some!uncertainty!to!determine!if!these!events!were!experiencing!backpressure!or!not.!!
Because!these!events!did!reach!maximum!tile!flow!capacity,!they!were!not!originally!included!in!the!nonObackpressure!event!analysis!for!synthetic!hydrograph!creation,!but!were!included!for!additional!analysis!of!how!the!inclusion!of!these!events!would!impact!the!synthetic!hydrograph!volume!ratio!determination.!!Inclusion!of!these!events!allowed!for!a!secondary!ratio!analysis!to!be!conducted!and!revealed!slight!
a)!
b)!
Figure!49!(a),!(b):!!A:C!Ratio!average!of!3:2!represented!by!all!available!nonObackpressure!events!that!occurred!from!April!2011!O!June!2012.!!Additions!of!peak!events!after!preliminary!backpressure!analysis!were!added!to!the!dataset!in!the!lower!figure!resulting!in!a!ratio!change!to!4:3!from!3:2!previously.!Events!in!which!one!field!experienced!backpressure!while!the!other!did!not!were!not!selected!for!comparison.!
(
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shifts!to!the!average!ratios!with!A:B!ratio!increasing!from!5:4!to!6:5!and!a!relationship!change!to:!
y = 0.3603x + 23.45 ! Equation!5.5!The!ratios!for!A:C!were!altered!from!3:2!to!4:3!and!a!relationship!change!to:!!
y = 0.6548x + 4.5214 ! Equation!5.6!The!equation!identified!prior!to!the!synthetic!‘sharp!peak’!inclusion!was!utilized!in!calculation!of!the!synthetic!hydrograph!volumes!rather!than!the!average!ratio.!!This!relationship!provides!a!more!accurate!representation!of!larger!event!volumes!than!would!the!average!ratios!established!for!each!respective!field.!!!!In!both!cases,!as!expected!with!increased!sample!size,!(n+2),!the!relationship!became!closer!to!1:1.!!This!is!characteristic!and!believed!to!be!a!demonstration!that!the!fields,!if!the!tiles!were!operating!without!backpressure,!would!have!a!much!closer!relationship!than!is!observed!from!a!limited!number!of!events.!!In!Figures!48b!and!49b!one!of!the!data!points!is!significantly!skewing!the!statistical!pattern.!The!outlier!event!(1!June!2012)!occurred!after!a!prolonged!drought!period!(60!days!with!a!series!of!rainfall!events!totaling!59mm,!with!38mm!occurring!from!5!events).!Comparing!the!event!responses!of!A!to!B!and!A!to!C!resulted!in!ratios!of!22:9!and!6:1,!respectively.!!Both!of!these!ratios!far!exceed!the!normal!range!of!ratios!reported!in!the!data.!!Removal!of!this!event!from!the!data!series!strengthened!the!r2!=!0.88!(y=0.2815x!+32.608)!(A:B,!6:5,!confident!at!99%)!and!r2!=!0.87!(y=0.8225x!–!1.584)!and!closer!to!the!1:1!slope!in!both!cases,!especially!A:C!(5:4,!confident!at!99%).!!
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Graphical!analysis!of!each!field’s!individual!hydrograph!revealed!events!that!were!experiencing!backpressure!for!more!than!one!hour!(Field!B!range!46hrs,!Field!C!range!77hrs).!!Field!B!(NT)!experienced!21!events!with!backpressure,!and!Field!C!(MT)!experienced!22!events!with!backpressure.!!The!hydrographs!that!demonstrated!a!prolonged!plateau!at!maximum!flow!rate!are!those!which!will!be!utilized!in!synthetic!hydrograph!creation!(Section!5.5)!to!calculate!total!event!volume!if!the!tiles!were!not!experiencing!backpressure.!!!
(
5.3(Hydrograph(Time(to(Peak(Analysis(
( The!objective!of!this!section!is!to!identify!similarities!differences!in!response!times!among!fields!for!the!hydrograph!time!to!peak!flow!rate.!!!In!order!to!accomplish!this,!analysis!of!hydrograph!characteristics!of!nonObackpressure!events!is!carried!out.!!The!time!to!peak!flow!rate,!identified!by!start!of!rainfall/snowmelt!to!the!maximum!flow!rate!in!the!tile!lines,!is!an!indicator!of!antecedent!hydrologic!conditions!and!the!efficiency!of!overburden!drainage.!This!is!also!dependent!on!physical!soil!structure!(Chapter!3)!and!it!is!assumed,!the!tillage!method!practiced!on!each!field.!The!fields!are!composed!of!heterogeneous!glacial!till,!as!such!spatial!variability!in!infiltration!and!percolation!rates!vary.!Time!to!peak!flow!was!used!to!determine!if!there!was!a!field!which!consistently!responded!either!more!rapidly!or!more!slowly!to!rainstorm!or!snowmelt!events.!!Response!time!or!infiltration/percolation!efficiency,!can!have!a!significant!impact!on!the!fate!and!residence!time!of!applied!nutrients!in!the!system!and!is!therefore!critical!for!hydrologic!analysis.!This!will!aid!in!the!development!of!the!synthetic!hydrograph!
! 150!
(Section!5.4)!by!providing!a!predictive!tool!for!when!the!maximum!flow!rate!would!occur!on!fields!B!(NT)!and!C!(MT)!during!backpressure!events,!and!thus!controls!the!shape!of!the!synthetic!hydrograph.!!If!there!is!no!significant!difference!between!the!time!to!peak!flow!amongst!fields!during!nonObackpressure!events,!the!timeOtoOpeak!flow!from!the!nonObackpressure!events!from!field!A!(CT)!can!be!used!to!approximate!timeOtoOpeak!flow!during!backpressure!events!in!fields!B!and!C!and!thus!be!used!in!the!synthetic!hydrograph!creation!with!further!confidence.!!!
5.3.1(Time(to(Peak(Identification(Methods(
(The!rising!limb!inflection!point!on!each!nonObackpressure!hydrograph!resulting!from!rainfall/snowmelt!is!identified!as!the!point!in!time!where!a!significant!increase!in!flow!rate!occurs!and!is!valuable!information!regarding!basin!hydrology.!From!this!inflection!point,!time!to!peak!flow!(hrs)!was!recorded!for!each!nonObackpressure!event!and!comparisons!drawn!among!the!three!fields.!!Additionally,!the!time!to!peak!flow!rate!from!the!onset!of!precipitation!is!considered.!!Both!sets!of!analysis!provide!valuable!information!regarding!the!infiltration;!percolation!and!tile!drain!abilities!of!each!field.!!For!analysis,!statistical!tests!of!r2,!tOtests,!as!well!as!graphical!observation!are!conducted.!!
!!!!!!!
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5.3.2.(Time(To(Peak(Results(Data!utilized!for!analysis!is!summarized!in'Table!21.!!Lack!of!precipitation!data!for!one!event!was!excluded!from!analysis!for!time!to!peak!for!precipitation!onset!to!peak!but!included!in!the!table!for!analysis!purposes.!!
Analysis!conducted!by!tOtests!concluded!that!the!differences!in!time!from!rainfall!initiation!to!peak!discharge!rate!between!fields!A!(CT)!and!B!(NT)!were!not!statistically!significant!(p!value:!0.86).!!Similarly,!the!tOtest!conducted!between!the!fields!of!A!(CT)!and!C!(MT)!showed!to!be!closer!to!being!statistically!significant!!(p!value:!0.46).!!The!comparison!of!fields!B!and!C!yielded!a!p!value!of!0.5!also!demonstrating!similar!time!to!peak.!!Additionally!fields!A!(CT)!and!B!(NT)!were!not!statistically!significant!when!examining!rising!limb!inflection!to!peak!time!(p!value:!0.51).!!A!tOtest!between!the!A!(CT)!and!C!(MT)!fields!was!also!not!statistically!significant!(p!value:!0.35).!!Similarly!fields!B!and!C!had!a!p!value!of!0.76!showing!the!closest!relationship!yet!not!significant.!!!Though!statistical!tests!fail!to!indicate!significant!differences!between!fields!A!(CT)!and!B!(NT),!A!(CT)!and!C!(MT)!and!B!(NT)!and!C!(MT),!there!seems!to!be!a!pattern!where!storms!with!dry!antecedent!conditions!demonstrate!a!much!greater!difference!among!fields!than!storms!
Table!21:!!NonObackpressure!event!time!to!peak!data!(hours,!L/s)!
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preceded!by!wet!antecedent!conditions.!!!This!is!consistent!with!the!premise!that!the!tillage!management!practices!influence!the!hydrology!of!the!fields!although!time!to!peak!values!did!not!differ!significantly.!!!Figures!50,!51!&!52!represent!correlations!between!each!field.!!Although!all!significant!at!the!99%!confidence!interval,!large!scattering!patterns!lead!to!uncertainty!in!predictive!abilities!and!are!explored!further.!!!When!nonObackpressure!events!were!compared,!Field!A!(CT)!
generally!showed!the!quickest!average!response!time!between!inflection!point!on!the!rising!hydrograph!limb!and!peak!flow.!! !!!!!!
!!!!! !!In!other!words,!the!rainfall/snowmelt!is!routing!relatively!quickly!to!the!tile.!!The!average!time!to!peak!flow!from!inflection!point!in!field!A!(CT)!was!20hrs!(SEM!
Figure!50:!Time!to!peak!from!rising!limb!inflection!point!comparisons!of!field!A!(CT)!and!B!(NT)!
(
Figure!52:!!Time!to!peak!comparison!from!rising!limb!inflection!point!of!Field!B!(NT)!and!Field!C!(MT!
(
Figure!51:!Time!to!peak!comparison!from!rising!limb!inflection!point!of!Field!A!(CT)!and!Field!C!(MT).!!!
! 153!
3.1),!field!B!(NT)!23hrs,!SEM!3.6,!and!field!C!(MT)!25hrs!(SEM!4.1).!!The!analysis!of!time!to!peak!flow!rate!from!rainfall/snowmelt!onset!showed!no!statistical!difference!among!fields,!as!is!evident!from!the!tOtests,!however!comparison!of!field!A!(CT)!to!C!(MT)!showed!field!A!(CT)!responding!slightly!faster,!as!is!evident!in!Figures!50,!51!&!52.!! !!!!!!!!!!!
It!is!possible!annual!turnover!of!the!upper!vadose!zone!with!conventional!tillage!on!field!A!(CT)!has!loosened!upper!soil!horizons!allowing!for!more!rapid!infiltration!than!in!field!B!(NT)!or!C!(MT).!!Rapid!infiltration!rates!in!field!A!(CT)!are!evident!from!the!drying!curve!of!soil!moisture!relative!to!field!B!(Figures!20,!21,!22,!23,!24).!!!!For!precipitation/melt!events!that!occurred!shortly!after!the!end!of!a!rainstorm!or!snowmelt!event,!the!times!to!peak!were!logically!much!less!among!all!fields,!indicating!that!under!wet!AHCs!the!fields!responded!more!similarly.!!Under!
Figure!53!(a),!(b),!(c):!!Time!to!peak!from!precipitation!onset!shows!high!correlation!across!all!fields!with!field!A!(CT)!showing!slightly!more!rapid!flow!responses!(a!O!A:B),!(b!O!A:C),!(c!O!B:C)!
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these!conditions!field!A!(CT)!was!again!generally!faster!to!respond!than!field!B!(NT)!and!field!C!(MT).!!Additionally,!the!very!similar!time!to!peak!from!rainfall!initiation!!(Figure!53!–!a,!b!&!c)!between!field!A!(CT)!and!field!B!(NT)!and!field!C!(MT)!is!likely!attributed!to!increased!macropore!presence,!bypassing!upper!horizons!promoting!a!more!rapid!response!in!the!tile!than!would!otherwise!be!expected.!!In!field!B!(NT)!and!field!C!(MT),!the!lack!of!tillage!allows!for!continued!development!of!macropores!connecting!the!lower!vadose!zone!over!longer!periods!of!time.!!In!field!A!(CT)!the!undisturbed!development!of!macropores!in!the!upper!vadose!zone!is!not!possible.!Overall,!fields!B!!(NT)!and!C!(MT)!showed!the!slowest!response!rates!to!peak!flow!rate,!from!hydrograph!rising!limb!inflection!point!to!peak!and!also!from!storm!onset!to!peak,!often!responses!taking!greater!than!24hrs.!!Analysis!of!the!number!of!events!from!each!field!that!showed!the!slowest!time!to!peak!from!both!precipitation!onset,!and!rising!limb!inflection!point!to!peak!flow!rate!showed!that!field!B!(NT)!had!the!greatest!number!(n=8,!n=7!with!2!events!with!the!same!lag!time!as!field!A!and!C).!!Field!C!(MT)!experienced!6!events!with!the!slowest!response!from!inflection!to!peak!and!5!events!from!onset!of!precipitation.!!Field!A!(CT)!only!experienced!3!events!with!the!slowest!time!to!peak!in!both!scenarios.!!!Time!from!initial!inflection!to!peak!flow!varied!across!all!seasons.!!Generally!the!fastest!response!times!were!seen!in!spring!on!field!A!(CT),!during!spring!and!early!summer!for!field!B!(NT)!and!spring!on!field!C!(MT).!!The!fastest!response!times!were!seen!in!spring!as!the!system!is!wet!from!increased!precipitation!during!these!months!and!melt!of!snowpack,!comparatively!minimal!evaporation!rates!than!summer!and!increased!hydraulic!conductivity.!!Generally,!patterns!of!either!quick!or!slow!response!were!consistent!
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across!all!fields,!however!there!were!particular!events!where!large!differences!in!times!to!peak!flow!values!occurred.!!Figures!50,!51!&!52!show!that!the!clustering!of!data!and!often!large!time!differences!between!certain!events!(identified!by!boxes!in!figures)!on!fields!B!(NT)!and!C!(MT)!compared!to!field!A!(CT)!during!the!time!from!inflection!point!to!peak!flow!rate!(See!boxes!in!Figures!50,!51!&!52).!!!As!an!example,!three!of!these!patterns!were!identified!and!are!further!explored!in!Tables!22,!23!&!24.!
! Table!22:!Time!to!peak!analysis!of!events!which!showed!the!same!time!to!peak!on!field!A!(CT),!yet!varied!responses!were!registered!on!field!B!(NT).!
(
(
Point(#! B((NT)((hrs)! C((MT)((hrs)! Date! AHC! Event(P((mm)!1! 24! 29! 11O23O2011! Dry! 13.7!2! 24! 33! 05O26O2011! Dry! 10!3! 25! 47! 01O07O2012! Wet! 5!4! 29! 56! 04O01O2011! Dry! 10.5!Table!23:!Time!to!peak!analysis!for!a!second!set!of!points!evident!on!figure!52!where!field!B!(NT)!experiences!4!events!~24hr!time!to!peak,!and!field!C!(MT)!shows!a!large!variance!in!response!!
Point(#! A((CT)((hrs)! B((NT)((hrs)! Date! AHC! Event(P((mm)!1! 7! 9! 02O28O2011! Dry! NOA!2! 7! 9! 03O17O2011! Mod! 52.3!3! 10! 9! 03O21O2011! Wet! 10.5!4! 5! 8! 05O19O2011! Mod! 10!5! 2! 9! 05O29O2011! Dry! 10!6! 9! 8! 02O22O2012! Dry! 14.5!Table!24:!Time!to!peak!analysis!for!a!second!set!of!points!evident!on!figure!50!where!field!B!(NT)!experiences!6!events!~9hr!time!to!peak,!and!field!A!(CT)!shows!a!large!variance!in!response!! These!events!showed!no!direct!relationship!to!seasonality!yet!precipitation!event!size!showed!11/12!(92%)!events!experienced!had!>=10mm!precipitation/snowmelt!event!size,!further!indicating!the!inherent!complexities!of!
Point(#( A((CT)((hrs)( B((NT)((hrs)( Date( AHC( Event(P((mm)(1! 17! 24! 05O26O2011! Med! 10!2! 17! 31! 12O31O2011! Wet! 11.3!3! 18! 41! 11O14O2011! Dry! 13.4!
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analysis!within!the!systems.!!Of!the!AHC!conditions,!60%!of!the!variances!in!these!samples!were!classified!as!‘Dry’,!although!inconsistencies!were!again!observed!as!variance!occurred!under!all!conditions.!These!ubiquitous!or!irregular!patterns!may!be!related!to!the!precipitation!intensity.!!Storms!of!greater!intensity!will!infiltrate!the!soils!of!the!various!fields!differently.!!In!fields!where!surface!disruption!is!minimal!(NT!and!MT)!high!intensity!storms!serve!to!disrupt!surface!particles!and!rapidly!transfer!them!to!structural!conduits!serving!to!drain!precipitation.!!In!this!manner!infiltration!which,!may!be!initially!high,!is!rapidly!reduced!over!short!time!periods.!!In!the!field!with!conventional!tillage,!recent!(annual)!disruption!of!the!surface!may!promote!more!rapid!infiltration!(as!noted!earlier)!and!percolation!towards!the!groundwater!table.!!! The!rapid!time!to!peak!flow!in!field!B!(NT)!and!the!great!deal!of!lag!time!in!both!field!A!(CT)!and!C!(MT)!may!be!the!result!of!increased!macropores!within!the!system!in!field!B!under!the!management!of!noOtill!(McDonnell,!1990;!Peters!et!al.,!1995).!!Other!events!showed!correlations!between!the!time!to!peak!and!total!event!flow!volumes.!!The!event!of!31O12O2011,!which!saw!field!A!(CT)!time!to!peak!of!17hrs,!field!B!(NT)!31hrs!and!field!C!(MT)!of!26hrs,!saw!field!B!(NT)!with!the!largest!event!volume!(137.1m3),!and!field!A!(CT)!with!the!least!(56.8m3)!after!baseflow!was!removed.!The!rapidity,!or!alternatively!the!lag!in!response!times!varied,!and!while!not!statistically!significant!did!show!a!general!pattern!in!that!Field!A!(CT)!had!the!fastest!response!times.!Analysis!of!varying!time!to!peak!scenarios!across!nonObackpressure!events!under!a!wide!array!of!meteorological!and!antecedent!conditions!allows!us!to!utilize!
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with!greater!confidence!the!time!of!peak!from!field!A!(CT)!as!it!has!more!nonObackpressure!events,!for!the!identification!of!the!peak!times!for!synthetic!hydrograph!creation!for!fields!B!(NT)!and!C!(MT).!!!The!data!suggests!response!rates!to!precipitation/snowmelt!events!do!not!differ!significantly!among!fields.!!!Generally!it!was!observed!that!field!A!(CT)!showed!a!slightly!more!rapid!response!to!precipitation/snowmelt!events,!however,!there!were!irregularities!in!response!rates!and!seemingly!lack!of!evidence!supporting!relation!in!timing!of!response!to!seasonality,!AHCs!or!precipitation!size.!!This!further!suggests!that!tillage!method!does!not!impact!the!timing!of!response!to!precipitation!or!snowmelt!events!over!the!long!term!and!individual!event!responses!may!be!highly!variable!despite!similar!baseline!conditions.!!!!
5.4(Backpressure(Corrections(
' Based!on!the!analysis!conducted!in!Sections!5.3!and!5.4,!and!knowledge!that!field!A!(CT)!tile!experienced!the!least!backpressure!conditions,!the!ratio!of!A!(CT)!flow!volume!to!both!B!(NT)!and!C!(MT)!during!nonObackpressure!events!can!be!utilized!for!the!creation!of!synthetic!hydrographs.!Constructing!synthetic!hydrographs!for!backpressure!events!involves!using!the!ratio!relationship!(Figure!48!&!49)!for!field!A!(CT)!flow!volume!to!both!field!B!(NT)!and!C!(MT)!(independently)!to!approximate!total!flow!volume!for!each!individual!storm!or!melt!event.!!Other!relationships!explored!above!(i.e.!time!from!initiation!of!the!storm!or!melt!event!to!peak!runoff)!assisted!in!creating!these!synthetic!hydrographs.!(
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5.4.1(Synthetic(Hydrograph(Creation(Methods(
(The!peak!flow!rate!time!(L/s)!(see!Section!5.3)!for!each!individual!event!among!fields!was!not!significantly!different!and!therefore!aided!in!the!identification!of!the!time!at!which!the!synthetic!hydrograph!should!peak!in!fields!B!(NT)!and!C!(MT)!during!backpressure!events!where!peak!times!were!not!able!to!be!identified.!!In!the!event!that!peak!times!could!be!identified!on!field!B!(NT)!or!C!(MT)!those!times!were!used!in!place!of!the!time!from!field!A!(CT)!resulting!in!more!accurate!time!of!peak!flow!rate!for!these!specific!events.!Once!this!time!was!established,!the!peak!flow!rate!(L/s)!of!field!B!and!C!was!calculated!by!using!the!ratio!of!5:4,!A:B!;!and!3:2,!A:C!respectively.!!This!then!created!the!new!peak!flow!rate!that!is!believed!should!be!occurring!within!each!field.!!In!excel,!the!new!peak!value!was!substituted!into!a!new!column!for!the!synthetic!hydrograph!data.!!!Through!graphical!analysis,!and!analysis!completed!on!baseflow!(see!Section!5.6),!inflection!points!on!the!rising!and!recession!curves!of!the!hydrograph!were!identified!(Figure!54).!This!was!done!through!analysis!of!the!data!set!whereby!sharp!change!in!flow!rate!occurred!(rising!limb!inflection!point),!and!for!the!recession!limb,!a!change!in!flow!to!a!consistent!rate.!!From!the!inflection!point!flow!rates!(L/s)!linear!interpolation!was!used!to!increase!the!flow!rate!to!the!known!peak!value!creating!the!synthetic!rising!limb!of!the!hydrograph!and!decrease!from!the!peak,!to!the!inflection!point!to!create!the!synthetic!recession!limb!as!identified!in!Figure!54.!!The!equation!used!for!the!linear!interpolation!in!excel!was:!!!!
n = (end − start)(Row(end)− Row(start)) !
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where:!end!and!start!signify!the!end,!and!the!start!times!of!the!event.!Row(end)!and!
Row'(start)!identify!the!start!and!end!flow!rates!respectively.!!!!!!!!
! !!!!!!The!data!for!the!synthetic!hydrographs!created!between!inflection!points!were!isolated!from!the!original!data!and!included!in!a!new!data!set!with!the!baseflow!data!to!create!a!continuous!hydrograph!record!for!the!study!period.!!To!do!so,!in!excel,!an!‘If’!statement!was!used!whereby!anything!>0!in!the!“new!–!modified”!column!would!be!used;!otherwise,!“original”!flow!was!used.!!This!insured!that!the!new!flow!values!(synthetic!hydrograph)!were!being!used!for!the!backpressure!events!only!and!no!modification!of!any!nonObackpressure!or!baseflow!throughout!the!dataset!occurred!for!analysis.!!Once!this!new!flow!was!established,!L/hr!were!
Rising limb 
inflection Recession limb 
inflection 
Peak Identification 
Figure!54:!Identification!of!inflection!points,!rising!limb,!recession!limb!and!peak'
Figure!55:!Modified!Flow!for!backpressure!events!occurring!on!March!16th!and!17th!2011!
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calculated!by!multiplying!the!average!L/s*3600!and!divided!by!1000!to!achieve!m3/hr.!!Each!event!was!individually!identified!as!the!period!between!inflection!points!and!a!total!amount!of!discharge!from!that!event!with!baseflow!subtracted!(see!section!5.6!for!further!explanation)!from!the!new!–!modified!flow,!m3,!was!identified!for!both!events!occurring!on!field!A!(CT)!and!field!B!(NT)!or!C!(MT).!!Total!event!flow!volumes!of!the!newly!created!synthetic!hydrographs!were!then!checked!against!the!equation!of!the!line!for!the!ratio!relationship!discussed!earlier!!The!events!of!midOMarch!2011!occurring!on!the!16th!O17th!fit!the!criteria!in!showing!distinct!backpressure!characteristics!and!are!utilized!to!demonstrate!the!methods.!!This!is!shown!in!Figures!55!and!56.!!Figure!54'identifies!the!key!points!to!be!identified!when!conducting!this!method!of!hydrograph!modification.!!These!identification!characteristics!were!maintained!throughout!the!data!set.!! In!the!event!that!the!new!total!event!volume!did!not!correspond!with!the!relationshipOdetermined!volume!for!that!specific!field!after!initial!peak!value!adjustment,!further!adjustments!to!the!peak!value!were!made!to!achieve!a!closer!match!to!the!volume!determined!using!the!ratio!method.!!Assumptions!were!necessary!in!the!identification!of!the!inflection!points,!specifically,!the!recession!limb!of!the!original!hydrograph!from!weir!B!(NT)!and!C!(MT)!respectively!showed!a!large!variance!in!return!to!baseflow!conditions.!!Adjustment!of!the!inflection!point!times!were!also!carried!out!if!necessary!to!adjust!the!total!volume!to!match!the!volume!determined!using!the!ratio!method.!!!!!! The!backpressure!occurring!within!the!tile!creates!a!delayed!recession!limb,!and!therefore!experiences!an!increase!in!total!amount!of!time!before!it!returns!to!
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baseflow.!!The!synthetic!hydrograph!creation!and!total!event!discharge!proved!sensitive!to!the!inflection!points!used.!!The!reOevaluation!of!inflection!points!from!each!field!was!undertaken!to!demonstrate!this!sensitivity!in!the!calculation!of!total!synthetic!event!flow.!!!The!total!volume!output!proved!to!be!sensitive!to!adjustments!of!the!inflection!points!as!the!time!intervals!(30min)!of!flow!measurement!might!cause!over!or!underestimated!flowOrates.!!Figure!56'represents!an!event!which!required!minor!adjustments!to!peak!flow!values!and!inflection!point!of!the!first!peak!in!order!to!achieve!closer!to!a:!
y = 0.7436x −3.501 !! Equation!5.7!!A:C!total!event!volume!relationship.!!This!final!correction!to!formulate!the!synthetic!hydrograph!enables!further!analysis!of!the!water!balance!of!each!field!as!well!as!analysis!of!the!impacts!of!NT,!MT!and!CT!on!the!total!flow!volumes!and!therefore!the!water!balance!(see!Chapter!8)!and!the!relationship!between!antecedent!hydrological!conditions!and!the!tile!flow!(Chapter!6).!!
!Figure!56:!!Preliminary!adjustments!made!to!the!backpressure!occurring!on!the!C!filed!(MT).!!To!achieve!a!3:2!volume!ratio,!peak!flow!volume!(L/s)!was!reduced(
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5.5(Backpressure(correction(conclusions(
' These!backpressure!issues!ultimately!present!challenges!when!studying!agricultural!field!hydrology.!!Determining!the!realistic!volumetric!discharge!from!drainage!tiles!experiencing!backpressure!is!necessary!in!order!to!compare!field!hydrology!among!the!three!tillage!practices.!!Initial!analysis!was!conducted!of!nonObackpressure!events!to!determine!a!discharge!relationship!among!the!fields.!Once!this!relationship!was!established!it!helped!formulate!a!method!to!convert!backpressure!hydrographs!to!a!more!realistic!approximation!of!flow.'The!individual!event!separation!with!hydrograph!correction!based!on!the!ratio!method,!adjustment!of!the!peak!flow!rate!times!and!values!and!the!identification!of!inflection!points!provided!hydrographs!that!are!reasonable!approximations!of!volumetric!discharge.!!!Backpressure!occurring!in!tiles!draining!agricultural!fields!especially!those!with!elevated!clay!content!is!highly!probable.!Through!the!modification!of!the!tile!flow!from!the!raw!collected!data!that!was!experiencing!backpressure!characteristics,!and!the!removal!of!baseflow!(proceeding!Section!5.6),!total!event!flows!were!isolated!and!able!to!be!compared.!!This!provided!a!greater!understanding!of!the!magnitude!and!the!yearly!total!event!volume!discharged!from!each!individual!field!as!tile!flow.!!Event!to!event!flow!volumes!as!well!as!specific!time!period!of!April!2011!–!April!2012!can!now!be!compared!and!analyzed!with!regards!to!the!fields!water!balance!(Chapter!8).(Analysis!of!the!hydrographs!throughout!the!study!period!revealed!that!the!fields!experiencing!backpressure!caused!a!delayed!response!in!return!to!baseflow!
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on!the!recession!limb.!Figures!54,!55!&!56!all!reveal!this!pattern!and!is!replicated!with!consistency!throughout!the!dataset.!!This!delayed!drainage!from!the!fields,!increases!the!probability!of!waterlogging!within!the!system!and!creating!anaerobic!conditions!in!the!soil!during!periods!of!increased!precipitation,!which!will!elevate!the!probability!of!denitrification!from!affected!fields.!!The!backpressure!scenarios!also!hold!the!potential!for!the!increased!retention!of!water!in!the!tile!lines!due!to!delayed!drainage.!!Therefore,!the!tile!itself!and!the!soil!directly!surrounding!the!tile!lines!may!be!able!to!maintain!increased!moisture!levels!if!adequate!forecasting!tools!to!predict!drought!and!the!blocking!or!restricting!flow!measures!are!implemented!prior!to!this!scenario.!!Backpressure!may!be!occurring!in!many!agricultural!systems!in!southern!Ontario!causing!the!soil!surrounding!the!tiles!to!have!a!higher!degree!of!saturation!for!a!longer!period!of!time!than!without!insufficient!drainage!tile!size,!or!blockage!(Cooley!et!al.,!2010).!!The!implications!for!crop!productivity!are!significant.!!With!prolonged!saturation!at!the!root!depth!oxygen!deprivation!will!result!in!root!rot!and!reduce!the!growth!and!thus!crop!value.!!Backpressure!issues!present!unique!challenges!for!farmers;!hydrologists!and!environmental!scientists!wishing!to!better!understand!these!systems.!While!the!blockage!to!tiles,!or!the!restriction!of!the!maximum!flow!capacity!of!the!4”!tile,!was!unintentional,!the!intentional!blockage!or!use!of!controlled!drainage!networks!may!be!beneficial!if!accurate!drought!forecasts!are!available!to!the!farmers.!!By!restricting!flow!in!the!tiles,!effectively!replicating!backpressure!conditions!after!a!rain!event!the!farmer!has!the!opportunity!to!limit!water!loss,!
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provide!increased!water!availability!to!crops!surrounding!the!tiles!for!a!prolonged!period!after!rainfall,!reduce!irrigation!requirements!and!thereby!potentially!reduce!economic!strain!caused!from!climatic!variability!(Ng!et!al.,!2002).!!! Potential!management!issues!also!arise!with!prolonging!periods!where!equipment!cannot!be!used!on!the!fields.!Seed!sowing,!manure,!nutrient!and!fertilizer!application!timing!may!also!be!inhibited!as!potential!for!increased!volume!of!discharge!from!the!fields!under!a!higher!degree!of!saturation!may!lead!to!an!increase!in!applied!fertilizer!loss!to!aquatic!systems!(!PaasonenOkivekàs!&!Koivusalo,!1999;!Macrae,!2004;!Macrae!et!al.,!2010).!!A!blockage!or!backpressure!issue!in!tiles!creates!a!greater!potential!for!overland!flow.!!This!is!noted!in!Figure!41,!as!the!water!table!reached!the!surface,!and!was!confirmed!though!in8situ!observation!to!be!causing!overflow!on!several!occasions!at!all!sites.!!This!has!the!potential!to!rapidly!carry!any!nutrients,!fertilizers!or!harmful!farm!chemicals!to!aquatic!systems!as!well.!!!!
5.6(Baseflow(separation(
( Separating!preOstorm/preOmelt!event!groundwater!contributions!(baseflow)!from!resulting!tile!discharge!provides!a!reasonable!estimate!of!rainstorm/snowmelt!contribution.!!Through!eventOtoOevent!baseflow!contribution!is!important,!isolation!of!event!flow!volumetric!contribution!from!that!of!baseflow!(existing!groundwater)!provides!a!tool!to!compare!field!discharge!efficiencies!relative!to!individual!storm!events!(total!tile!discharge/!total!event!water).!!Hydrologic!pulse!events!are!the!rapid!response!in!the!tiles!to!precipitation!events.!!!The!rapid!movement!of!water!
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through!the!system,!or!pulse,!often!generates!significant!amounts!of!flow!over!short!periods!of!time.!These!pulsing!events!are!reported!to!be!responsible!for!significant!export!of!nutrients!to!freshwater!systems!(Bear!&!Cheng,!2010;!Blann!et!al.,!2009;!Gu!&!Riley,!2010;!Macrae!et!al.,!2010).!!Often!they!will!be!preceded!by!preOevent!groundwater!flow!occurring!within!the!tile!system,!as!was!seen!at!McIntosh!Farm.!!As!noted!in!the!literature!review!(Section!1.3.13),!defining!baseflow!by!graphical!representation!(Dingman.,!1994)!provides!challenges!in!two!ways.!!Primarily,!the!decision!of!identifying!inflection!points!for!the!ascending!and!recession!limb!of!the!hydrographs!to!utilize!for!identification!of!initiation!and!end!of!‘event!baseflow’!is!in!itself!an!‘art’!and!as!such!highly!subjective,!and!secondly!the!only!consistency!in!baseflow!is!it!is!variable.!!Of!specific!interest!to!tile!flow!systems,!which!were!especially!noticeable!for!the!2011Ostudy!period,!is!the!lack!of!baseflow!of!any!kind!for!prolonged!periods!of!time.!!This!would!rarely!occur!within!a!riparian!system!and!as!such,!baseflow!separation!methods!specifically!for!tile!flow!present!their!own!set!of!challenges.!
(
5.6.1(Baseflow(Separation(Methods!(
( (For!the!baseflow!separation!within!this!study,!the!concave!method!(Dingman.,!1994)!was!selected!due!to!its!simplicity!and!ease!of!use!within!the!data!set.!!Initiations!of!flow!response!to!storm!or!melt!events!in!the!tiles!were!visually!identified!by!the!noticeable!change!in!flow!rate,!known!as!the!inflection!point.!!Following!this!the!ascending!limb!rises!to!a!maximum!flow!that!plateaus!for!a!period!of!time.!!Once!backpressure!conditions!within!the!system!have!lessened,!flow!rate!
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drops!eventually!returning!baseflow!conditions.!!From!the!ascending!inflection!point,!linear!interpolation!was!carried!out!to!extend!the!rate!of!change!from!the!previous!4!hours!to!the!time!under!the!peak!flow!value.!!The!method!of!extending!from!the!point!of!inflection!to!the!previous!4!hours!allows!for!smoothing!in!the!average!flow!rate!to!increase!the!confidence!in!the!linear!trend.!!This!is!an!extension!from!the!Dingman!method!that!calls!for!an!extension!of!preOevent!flow!from!inflection!point!to!under!the!peak!time!(see!Section!5.3).!!This!method!created!a!linear!baseflow!separation!under!the!hydrograph,!to!the!peak!flow!rate!time,!at!hourly!time!steps.!!!After!peak!flow,!linear!interpolation!was!utilized!to!extend!the!baseflow!to!the!inflection!point!on!the!recession!limb.!!From!this!baseflow!hydrograph!it!is!possible!to!both!calculate!the!total!flow!for!that!storm/melt!event!and!provide!a!reasonable!approximation!of!average!hourly!discharge!values.!!Once!the!separation!was!created!under!the!hydrograph,!with!inflection!points!identified,!we!are!able!to!identify!when!the!baseflow!is!occurring.!!!The!values!from!the!inflection!point!on!the!recession!limb!of!a!particular!event,!to!the!inflection!point!on!the!rising!limb!of!the!proceeding!hydrograph!was!determined!eventOto!event!baseflow.!!!!!!!!!!!!!
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5.6.2(Baseflow(Separation(Results!
(The!individual!event!identification!and!isolation!allowed!the!entire!data!set!to!be!utilized!and!separated!for!calculation!of!total!event!flow,!minus!the!baseflow.!!The!baseflow!component!of!total!event!discharge!often!comprised!a!significant!component!of!the!total!event!flow,!and!as!such,!when!baseflow!was!subtracted!from!total!event!flow!the!total!discharge!amounts!were!reduced.!!Because!of!the!newly!identified!event!discharge!this!greatly!influenced!the!Q/P!ratios!established!in!the!calculation!of!antecedent!conditions!(Chapter!6).!This!indicated!a!greater!amount!of!incoming!precipitation!retained!as!soil!moisture,!or!lost!though!evapotranspiration.!!It!should!be!noted,!as!is!evident!in!Figure!57!with!successive!tile!discharge!events,!that!a!portion!of!baseflow!that!has!been!removed!from!precipitation!or!melt!events!! !!!!!!!!!from!the!second!event!is!indeed!part!of!the!storm!flow.!!!The!difficulties!outlined!in!sections!(1.3.13!&!5.6.1)!identify!the!breadth!of!methods!that!can!be!applied!to!baseflow!separation,!emphasizing!the!difficulties!in!identifying!what!portion!exactly!
Figure!57:!Event!isolation!and!baseflow!identification!example!from!March!2011!from!Field!C!(MT).!!!
(
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of!baseflow!ties!into!the!storm!flow.!!The!identification!of!baseflow!also!allowed!for!visual!analysis!to!identify!events!that!experienced!the!initiation!of!flow!under!wetter!field!conditions.!!Such!a!case!is!evident!in!Figure!57'where!the!rising!limb!of!the!second!peak!begins!at!a!much!higher!flow!rate!than!the!first,!indicating!the!second!event!began!under!wetter!AHCs!(chapter!6).!The!baseflow!volume!for!this!second!event!would!thus!be!proportionally!higher!than!that!of!the!preceding!event!yet!the!volume!of!baseflow!is!also!dependent!on!the!total!event!time.!!Baseflow!therefore!can!account!for!a!significant!portion!of!event!flow,!as!there!is!a!lag!in!the!system!that!is!difficult!to!differentiate!between!the!two!components.!Though!not!used!in!this!study!a!greater!degree!of!confidence!in!baseflow!source!water!(existing!groundwater!versus!new!event!water)!can!be!ascertained!using!stable!isotopes!of!water!(Jones!et!al.,!2006).!! !!! !!!!!!!!!!!!!!!!!!
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!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! Figure!58:!!Field!A!(CT)!Baseflow!identification!of!multiple!flow!events!from!the!early!2011!season!(
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5.7(Normalized(Field(Tile(Discharge(
( !Upon!completion!of!the!baseflow!subtractions!from!total!event!discharge,!and!the!synthetic!backpressure!hydrograph!creation,!event!discharge!volumes!(m3)!were!normalized!based!on!field!area!(m2).!!The!normalizing!of!discharge!based!on!field!size!provides!a!useful!comparison!among!different!tillage!field’s!discharge!and!is!a!further!indicator!of!hydrologic!similarities!or!differences!among!the!fields.!!Results!!(see!Figure!59)!demonstrated!minimal!differences!amongst!fields.!Both!regressions!comparing!field!B!(NT)!to!A!(CT),!and!field!C!(MT)!to!A!(CT)!are!confident!at!the!99%!significance!level!(n=38).!!The!scatter!within!the!data!again!points!to!the!difficulties!in!using!this!data!with!confidence.!!Data!is!noticeably!above!
the!1:1!line!in!the!lower!event!volumes!and!appears!to!be!skewed!by!the!few,!larger!event!volumes.!!!These!events!show!field!C!(MT)!experiencing!more!discharge!than!field!B!(NT)!and!often!greater!than!field!A!(CT)!although!not!statistically!significantly!different!mean!volumes!(p=0.81!A:B,!p=0.38!A:C,!p=0.46!B:C;!74df).!!
Figure!59:!Normalized!event!discharge!m3!per!m2!to!obtain!mm!tile!Q!for!each!field.!!Hollow!symbols!represent!those!that!experienced!backpressure!–!and!are!calculated!synthetic!hydrograph!volumes.!
(SA(
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Correlations!support!the!physical!soil!characteristics!differences!calculated!where!field!B!(NT)!showed!the!largest!difference!and!field!C!(MT)!is!comparable!to!field!A!(CT).!!!Normalized!tile!discharge!events!showed!similar!seasonal!patterns!to!those!of!nonOnormalized!discharge.!!Minimal!discharge!occurring!late!spring!with!no!significant!difference!among!fields!(p=0.81!A:B,!p=0.79!A:C.!p=0.96!B:C;!30df),!and!one!large!discharge!event!in!summer!prior!to!prolonged!periods!of!no!tile!flow.!!!The!removal!of!crops!from!the!fields!in!mid!to!late!fall!(event!17!–!24;!October!21st!–!December!16th)!signified!the!reoccurrence!of!significant!tile!discharge!due!to!increased!precipitation!(chapter!4)!and!decreased!evapotranspiration!(chapter!7)!although!no!significant!difference!was!observed!again!among!fields!(p=0.96!A:B,!p=0.67!A:C,!p=0.65!B:C;!14df).!!
!
!
Figure!60:!!Normalized!tile!discharge!separated!by!field!and!season!
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Chapter(6(Antecedent(Hydrologic(Conditions(
(! This!chapter!will!identify!tile!response!from!the!three!tillage!practices!for!varying!antecedent!hydrologic!conditions!(AHCs).!!Previous!studies!show!that!event!discharge!characteristics!vary!with!AHCs!(Buttle!et!al.,!2001;!Macrae!et!al.,!2010).!In!particular,!Macrae!et!al!(2010)!noted!this!finding!from!a!field!undergoing!agricultural!drainage!in!a!southern!Ontario.!!In!a!forested!watershed,!Turgeon!and!Courchesne!(2008),!utilized!principal!component!analysis!and!found!that!basin!efficiency!(Q/P)!was!a!component!(with!antecedent!streamflow!and!groundwater!depth)!that!explained!86%!of!event!variability!among!events.!!Basin!efficiency!(Q/P!ratio)!is!used!as!a!tool!for!analysis!in!this!study!because!it!can!be!easily!related!to!AHCs.!!Other!meteorological!(precipitation!volume,!intensity,!temperature,!wind)!and!basin!characteristics!(soil!moisture,!drainage)!are!also!explored!in!terms!of!defining!AHCs.!!The!final!method!determined!for!defining!AHCs!aids!in!the!identification!of!and!probabilities!of!backpressure!occurrence!within!the!tile!systems.!!Additionally,!this!study!categorizes!individual!event!responses!based!on!AHCs!to!develop!further!understanding!of!tile!flow!response!for!each!tillage!practice.!!
6.1(Basin(Efficiency((
( Basin!efficiency!(Q/P!ratio)!is!a!tool!utilized!in!hydrology!studies!to!provide!a!basis!for!analysis!of!field!conditions!and!the!movement!of!water!though!the!system!under!varying!conditions.!!For!this!thesis,!Q/P!ratio!is!established!by!completing!the!
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precipitation!and!snowfall!record!derived!from!nearby!meteorological!stations.!!This!study!establishes!Q/P!ratio!in!this!way!to!include!contributions!from!hydrologically!important!winter!events!can!be,!and,!where!pertinent,!couple!these!events!with!concomitant!rainfall.!!When!comparing!basin!efficiencies!for!the!three!tillage!practices!this!study!finds!it!is!possible!to!quantify!what!hydrological!differences!there!are!with!respect!to!different!AHCs.!!As!a!result!of!these!findings,!this!type!of!data!provides!a!better!understand!of!the!impacts!that!tillage!has!on!field!drainage!under!a!range!of!hydrological!conditions.!Findings!from!this!study!will!also!be!useful!when!coupling!the!hydrology!with!nutrient!export!chemistry!(Opolko,!in#
progress).!!
6.1.1((Winter(Snowmelt(addition(to(on>site(collected(precipitation(data!! In!order!to!increase!certainty!of!runoff!ratios!(Q/P),!particularly!in!winter!when!little!rainfall!fell!during!many!events!(e.g!during!the!event!of!January!31st!2012,!1.2mm!rainfall,!resulting!in!very!high!Q/P!ratios!(>1)!prior!to!the!inclusion!of!9.1mm!of!snowmelt),!and!to!understand!to!a!greater!degree!the!hydrology!of!the!fields!during!the!winter!tile!discharge!events,!quantification!of!snowmelt!is!required.!!!Regular!measurement!of!snowpack!depth!was!not!done!during!the!winter!months!at!the!McIntosh!site;!therefore!the!Stratford!Environment!Canada!station!(43.37°N,!81°W,!345!MASL)!was!used!for!snow!depth!data!collection!because!it!provided!the!most!detailed!record!available.!Frequently!used!as!an!alternative!to!more!intensive!radiation!based!snowmelt!methods,!temperature`based!methods!for!measuring!snowmelt!are!widely!regarded!as!simple!approaches!for!rapid!
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estimations!of!melt!water,!often!with!a!high!degree!of!accuracy!(Dunne!&!Leopold.,!1978;!Dingman.,!1994;!DeWalle!&!Rango.,!2008).!!The!snowmelt!(snow!water!equivalent!–!SWE)!is!a!significant!and!critical!measurement!for!the!fact!that!it!contributes!to!soil!moisture!as!well!as!tile!and!groundwater!flow!over!the!winter!seasons.!!!The!degree`day!(temperature!index)!melt!method!was!used!because!it!is!can!assist!with!identifying!rapid!estimates!of!melt.!!Temperature!is!the!only!required!parameter,!and!thus!makes!it!an!ideal!option!where!minimal!instrumentation!is!present!(Dunne!&!Leopold.,!1978).!The!temperature!index!method!is!commonly!represented!as:!
M = (DDF)(Ta −Tb ) ! Equation!6.1!!where:!M=!Melt,!cm!d`1!DDF=!degree`day!factor,!cm!°C`1!d`1!Ta=mean!daily!air!temperature,!°C!Tb!=!base!temperature,!°C!(represented!as!0°C)! (DeWalle!&!Rango.,!2008)!!!A!degree`day!factor!(DDF)!was!identified!by!Golmohammadi!et!al,!(2014)!for!a!mixed`use!agricultural!catchment!in!southern!Ontario!(Canagagigue!Creek!–!Grand!River!basin)!of!3.5!mm!°C`1!d`1!and!used!for!the!purposes!of!this!study.!This!DDF!is!consistent!with!findings!in!literature!that!suggest!the!use!of!4.0mm!°C`1!d`1!for!temperate!Europe!and!North!America!when!calculated!values!are!not!available!(Dunne!&!Leopold.,!1978).!!The!spatial!proximity!of!the!Stratford!station!(~30km!NNE!from!the!McIntosh!field!site)!as!well!as!land!use!practices!in!the!Canagagigue!Creek!basin!are!similar!to!those!found!at!the!McIntosh!study!site,!and!therefore!
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justify!the!utilization!of!the!degree`day!method!at!the!McIntosh!site.!!In!certain!scenarios,!prediction!errors!were!calculated!to!range!from!0.45!–!0.55cm!d`1!(Dunne!&!Leopold.!1978)!and!should!be!noted!as!a!possible!source!of!error.!Assumptions!were!required!as!the!southern!Ontario!region!is!prone!to!meteorological!events!such!as!lake!effect!snows.!!These!events!can!cause!highly!localized,!intense!snowfall!periods,!and!as!a!result!present!a!potential!source!of!error!within!the!use!of!snow!depth!data!from!nearby!meteorological!stations.!!Additional!assumptions!that!this!study!contended!with!include!the!uniformity!of!albedo!throughout!the!winter!season.!!Albedo!of!snow!is!known!to!change!as!the!snow!density!changes,!or!with!the!presence!of!dust!or!debris!that!cause!increases!in!melt!potential!from!the!time!of!fresh!snowfall!(Yasunari!et!al.,!2011).!!The!utilization!of!average!temperatures!also!restricts!the!possibility!of!the!presence!certain!brief,!and!rapid!melt!events!if!the!temperature!remains!close!to!the!freezing!mark!and!only!rising!above!freezing!for!a!short!period!throughout!the!day.!!Other!atmospheric!contributions!to!assumptions!include!the!presence!of!cloud!cover,!or!clear!skies!as!increases!in!solar!radiation!can!also!impact!the!rapidity!of!the!melt.!!!
6.1.2(Snowmelt(Results(Over!the!duration!of!the!study,!the!2011!snow!year!saw!a!total!of!141.1mm!of!snowfall.!!A!total!of!10!melt!events!were!identified!through!calculation!of!the!temperature!index!method,!amounting!to!a!melt!of!117.85mm!of!snow!water!equivalent!(SWE).!!This!indicates!that!in!2011,!the!SWE!substantially!contributed!to!soil!moisture!as!well!as!tile!and!groundwater!flow.!!Conversely,!2012,!a!relatively!
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dry!year,!saw!a!total!of!16!snowmelt!events!amounting!to!a!loss!of!51mm!SWE!with!a!total!of!61mm!of!snowfall.!!Potential!sources!of!error!stem!from!the!several!missing!days!(n=44,!2011;!n=40,!2012)!from!the!Stratford!weather!station!when!additional!snow!accumulation!or!melt!may!have!occurred.!!Loss!to!evaporation!/!sublimation!is!also!not!considered!and!may!account!for!the!remainder!of!snowmelt!for!this!period.!!Losses!on!a!seasonal!basis!for!evaporation/sublimation!loss!have!been!reported!as!<10%!of!SWE!(Leydecker!and!Melack.,!1999;!Cline.,!1997).!!These!reports!of!evaporation/sublimation!loss!are!consistent!with!the!meteorological!data!gathered!at!McIntosh,!which!indicated!that!the!winter!of!2012!(138.1mm!precipitation;!2011!`111.6mm)!had!above!average!temperatures!resulting!in!less!snowfall!and!therefore!less!snowmelt!contributing!to!winter!runoff.!!For!analysis!of!winter!precipitation!at!McIntosh!see!Chapter!4,!Section!4.1.1.(In!2011,!there!was!substantially!more!snowfall,!and!as!a!result,!increased!volumes!of!snowmelt!during!days!where!the!average!temperature!was!>0°C.!The!largest!melt!events!occurred!on!02`18`2011!when!snowmelt!equated!to!22.05mm!and!where!the!average!temperature!was!6.3°C.!Similarly!on!03`17`2011!and!03`18`2011!snowmelt!amounted!to!47.25mm!and!recorded!average!temperatures!were!6.5°C!and!7°C!respectively.!!Final!melt!commenced!on!04`01`2011!when!the!average!temperature!thereafter!was!consistently!>0°C.!!!In!2012,!there!was!a!turbulent!start!to!the!winter!season!because!the!mean!temperature!rarely!stayed!below!0°C!for!prolonged!periods!of!time.!!As!is!illustrated!in!Figure!61,!the!result!was!frequent!snowmelt!and!little!accumulation.!The!largest!melt!event!(10.45mm)!occurred!over!three!days!in!late!February!from!02`22`2011!
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to!02`!24`2011!when!the!daily!average!temperature!was!2.3°C,!0.8°C!and!0.8°C,!respectively.!!For!each!melt!event,!total!SWE!loss!was!included!with!event!precipitation!for!the!calculation!of!the!runoff!ratios!(Q/P)!at!the!McIntosh!site!when!data!was!!available.!!! !!!!!!!!!
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6.2(Influence(of(Baseflow(separation(on(Basin(Efficiency((! The!graphical!separation!techniques!used!in!Section!5.6!allowed!for!the!re`configuration!and!analysis!of!the!hydrographs!and!the!Q/P!ratio!for!a!more!realistic!interpretation!of!the!efficiency!tiles!in!the!fields!to!discharging!precipitation.!!!The!Q/P!ratio!established!initially!used!non`baseflow!event!hydrographs.!!By!using!the!graphical!separation!technique!defined!in!Section!5.6,!this!study!isolated!the!event!flow!and!delineated!more!precisely!the!volume!of!storm!flow!in!a!consistent!manner!from!storm!to!storm.!!In!order!to!determine!statistically!if!there!is!a!significant!
Figure!61!`!Daily!accumulation!and!snowmelt!data!from!the!Stratford!station.!!The!years!of!2011!and!2012!show!distinctly!different!characteristics!in!part!due!to!the!large!variation!in!temperature!over!these!years!
(
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difference!between!pre!and!post!baseflow!subtraction!a!t`test!was!conducted!on!the!Q/P!ratios.!!The!analysis!indicates!a!significant!difference!between!the!two!groups!(p`value:!<0.01)!of!(n=117!among!all!fields).!!!The!largest!Q/P!ratio!from!the!pre`baseflow!subtracted!data!set!was!recorded!at!0.879!!(Field!C,!MT)!that!occurred!03`20`2011!was!a!small!precipitation!(<0.5mm)!event!that!occurred!after!a!melt!event!had!occurred!on!03`12`2011.!!The!largest!volume!storm!event!that!occurred!throughout!the!study!period,!after!baseflow!was!removed,!occurred!on!02`17`2011!of!0.524!(Field!A,!CT).!!This!is!an!example!of!how!the!removal!of!baseflow!volume!from!event!volume!has!a!significant!impact!on!the!basin!efficiency!calculation.!!!Because!one!separation!method!was!used!with!consistency!across!the!data!set,!results!are!applied!with!confidence!for!further!analysis!of!AHCs!and!the!water!balance!in!Chapter!8.!!Seasonality!did!play!a!roll!as!fall!and!winter!seasons!demonstrated!higher!Q/P!ratio!compared!to!spring!and!summer!seasons.!Winter!showed!the!greatest!values,!and!was!highest!on!field!C!(CT)!for!no`baseflow!removed!(0.81)!and!field!B!(0.56),!field!A!(0.62).!!All!Q/P!values!were!reduced!after!baseflow!removal!(Table!26).!!These!ratios!fall!within!the!range!of!Q/P!values!reported!in!similar!agricultural!studies!(Turgeon!&!Courchesne.,!2008;!Macrae!et!al.,!2010).!!The!variations!in!the!Q/P!ratios!occurred!due!to!several!factors:!i) Inflection!points!were!the!same!for!the!rising!limb!of!the!hydrographs,!however,!the!end!points!were!often!different!!ii) For!events!with!multiple!peaks,!often!multiple!baseflow!separations!were!necessary!thereby!increasing!the!difference!even!further!between!pre!and!post!baseflow!event!volumes!as!the!second!peak!would!have!a!greater!flow!rate!inflection!on!the!rising!limb,!and!a!greater!amount!of!baseflow!contribution!than!the!previous!event.!
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iii) Varying!AHCs!impacting!pre`event!soil!moisture!iv) Changes!in!structural!differences!among!fields!over!the!seasons!(e.g!illuviation!of!fine!sediments!shifting!porosity,!development!of!macropores!and!or!surface!cracking,!ice!lenses!in!winter)!!The!differences!amongst!Q/P!ratios!varied!with!season!as!anticipated!within!each!tillage!type,!as!well!as!among!each!management!practices.!!Statistics!are!analyzed!for!events!pre!and!post!baseflow!separation,!and!include!snowmelt!contributions.!!Q/P!ratio!statistics!are!identified!in!Tables!28!&!29:!
!Table!25!:!!Q/P!ratio!statistics!pre`baseflow!subtraction,!excluding!the!events!that!had!a!zero!Q/P!ratio!!The!statistics!differed!once!baseflow!subtraction!occurred,!as!the!average!maximum!Q/P!ratio!shifted!from!field!A!(CT)!to!field!B!(NT).!!
!Table!26:!!Q/P!ratio!statistics!post`baseflow!removal.!Excluding!the!events!that!had!a!zero!Q/P!ratio!!A!higher!Q/P!ratio!indicates!that!the!field!is!acting!more!efficiently,!meaning,!the!vadose!zone!has!a!higher!moisture!content,!closer!to!field!capacity,!thereby!having!a!higher!connectivity!with!upper!horizons,!which!aids!in!the!rapid!movement!of!water!through!the!column!(Cooley!et!al.,!2010;!Macrae!et!al.,!2010).!!As!the!fields!
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act!more!efficiently,!there!is!the!possibility!of!accelerated!flow!to!the!tiles!from!macro!and!biopores!present!within!the!system!on!all!fields,!which!were!noted!to!possibly!have!higher!occurrence!on!field!B!(NT).!!This!will!be!explored!further!in!analysis!of!the!individual!fields!hydrologic!balances!in!Chapter!8.!!The!greatest!difference!among!fields!resulting!from!the!baseflow!separation!occurred!on!field!A!(CT).!!Field!C!(MT)!saw!the!least!amount!of!change!in!total!storm!discharge!(m3)!from!pre!to!post!baseflow!separation.!Owing!to!little!change!in!the!total!storm!discharge!from!pre!to!post!baseflow!separation!in!field!C,!the!values!of!Q/P!ratio!were!impacted!for!all!fields!according!to!the!severity!of!change!from!pre!to!post!baseflow!subtraction.!!Field!B!(NT)!showed!very!similar!pattern!to!that!of!field!A!(CT)!with!the!second!most!storm!events!and!the!largest!significant!difference!in!discharge!volume.!!The!similarities!between!fields!A!(CT)!and!B!(NT)!are!likely!to!have!happened!because!of!the!elevated!moisture!level!in!field!A!(CT)!at!tile!depth.!!The!elevated!moisture!level!is!evident!by!the!tile!flow!data!showing!field!A!(CT)!has!more!frequent!flow!even!during!some!‘dry’!conditions!(Figure!67).!!For!field!B!(NT),!the!delayed!recession!limbs!from!backpressure!events,!and!therefore!the!delayed!inflection!point!caused!an!increase!in!baseflow!volume.!!!
6.3(Antecedent(Hydrologic(Conditions((!Quantifying!meteorological!conditions!(volume!and!intensity!of!rainfall!or!snowmelt)!and!identifying!field!in`situ!hydrological!conditions!(antecedent!storage!capacity)!related!to!drainage!response!is!conceptually!logical.!!Studies!have!
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demonstrated!that!AHCs!largely!explain!variability!in!storm!discharge!response!in!surface!streams!(Buttle!et!al.,!2001;!James!and!Roulet.,!2007;!Turgeon!and!Courchesne.,!2008;!Macrae!et!al.,!2010).!!Methodological!and!spatial!inconsistencies!among!studies!limit!reproducibility,!but!indicate!that!the!use!of!a!single!approach!can!aid!in!event!identification!and!analysis!of!hydrologic!response.!! Varied!approaches!to!understanding!AHCs!and!the!driving!factors!within!the!climatic!and!hydrological!system!that!effect!event!flow!leaves!room!for!further!analysis!specifically!related!to!agricultural!tile!systems.!!In!an!attempt!to!utilize!the!largest!amount!of!data!available!at!the!McIntosh!site,!a!hybrid!method!was!developed!through!analysis!of!previous!studies,!to!relate!AHCs!to!tile!discharge!(Buttle!et!al.,!2001;!James!and!Roulet.,!2007;!Turgeon!and!Courchesne.,!2008;!Macrae!et!al.,!2010).!The!amount,!and!quality!of!data!available!from!the!study!site!impacts!the!methods,!and!approach!taken!to!decipher!AHCs.!!However,!a!method!for!identification!of!AHCs!was!developed!and!is!discussed!further!throughout!the!proceeding!chapter.!
(
6.3.1(Methods(!Antecedent!conditions!of!the!fields!(AHCs)!are!the!large`scale!field!parameters!that!impact!basin!storage!ability!and!hydraulic!conductivity!of!soils.!!The!AHCs!were!analyzed!from!the!field!site!in!order!to!determine!differences!in!tile!discharge!response!(QTile)!among!the!tillage!practice.!Differences!in!field!size,!and!particularly!tillage!practice!are!the!structural!variables!that!differentiate!the!fields.!
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Though!the!tills!are!quite!heterogeneous,!it!was!assumed!that!overall!soil!and!meteorological!conditions!were!similar.!!Precipitation!recorded!at!the!meteorological!station!on!field!C!(MT)!is!assumed!to!be!uniform!across!all!sites.!!This!assumption!is!particularly!important!as!during!convective!storms,!which!occur!with!greater!frequency!during!the!growing!season.!!Precipitation!depth!and!intensity!can!vary!over!short!distances!during!these!convective!events!leading!to!potential!error!in!calculation!of!AHCs!and!tile!drainage.!!!The!growing!season!months!saw!very!little,!if!any!flow!from!the!tiles!(Figure!70)!during!2011,!2012!and!2013.!Therefore,!the!limiting!impact!of!possible!convective!storm!event!variability!contributing!to!tile!drainage!variability!among!the!three!field!sites!over!the!study!period!was!not!an!important!issue!when!considering!the!validity!of!utilizing!this!method.!Events!demonstrating!non`backpressure!characteristics!were!selected!for!primary!analysis!because!tile!flow!that!demonstrated!backpressure!characteristics!limits!the!ability!to!calculate!AHCs!with!confidence.!Manning’s!flow!rate!equation!was!used!for!analysis!to!determine!the!maximum!flow!rates!possible!through!each!tile.!The!frequency!that!such!high!flow!rates!would!occur!was!likely,!because!the!4”!tile,!at!<1%!slope!for!each!field!could!only!support!a!maximum!flow!of:!3.09!L/s,!2.99L/s!and!2.84!L/s!for!the!fields!A!(CT,!NT!and!MT!respectively).!!These!backpressure!events,!if!left!unchanged,!created!a!significantly!skewed!Q/P!ratio,!revealing!that!significantly!more!discharge!was!occurring!than!precipitation!volume!had!fallen.!!Analysis!after!synthetic!hydrograph!creation!resulted!in!event!flow!data!
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be!of!greater!accuracy!(see!Sections!5.1!and!5.2).!!The!synthetic!hydrograph!event!volumes!will!be!considered!further!in!Section!6.3.3.1.(
(
6.3.2(Conceptual(AHC(Model((!The!conceptual!model!walkthrough!is!primarily!identified!in!this!section.!Initial!methods!are!discussed,!prior!to!introducing!the!finalized!method!for!selection!(Section!6.3.3)!of!AHCs.!!This!final!method!allows!for!increasing!identification!of!hydrologic!analysis!among!each!treatment!field.#Initial!Parameter!Selection:!!Data!analysis!was!initially!conducted!through!first!selecting!meteorological!and!field!parameters.!!Parameters!utilized!were:!i. Storm!tile!discharge!(m3)!ii. 7!day,!and!14!day!event!preceding!precipitation!volume!(based!on!field!size)!(m3)!iii. Volume!of!event!precipitation!causing!hydrograph!(m3)!iv. Q/P!ratio!v. Pre`event!Soil!moisture!(VWC,!%)!–!m3!/!m3!at!two!different!depths!in!two!of!the!3!fields!vi. Maximum!daily!temperature!°C!vii. Average!daily!temperature!°C!viii. Average!daily!wind!speed!(km/hr)!ix. Crop!conditions,!growth!stage!!! Guided!by!these!parameters,!further!classification!of!low,!medium!or!high!propensity!for!evaporation!/!evapotranspiration!(ET)!occurring!over!the!field!was!established.!This!classification!is!based!on!temperature,!wind!speed!and!relative!humidity!identification.!The!classification!of!ET!impacts!the!amount!of!water!leaving!the!upper!soil!horizon,!thereby!effectively!increasing!the!available!storage!capacity!of!the!soil.!If!there!were!a!crop!on!the!field,!water!would!be!removed!in!greater!
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quantities!from!the!vadose!zone!because!of!to!root!uptake,!transpiration!and!evaporation!from!the!soil!surface.!!As!such,!the!inclusion!of!crops!on!the!field!has!a!greater!impact!on!the!field’s!overall!ability!to!store!water.!
!Evapotranspiration!(estimated!using!the!Penman`Monteith!method)!was!selected!to!act!as!the!collective!AHC!parameter!that!would!influence!tile!response!to!precipitation!events.!!Calculation!of!potential!field!storage!between!events!is!notably!influenced!by!transpiration!from!the!vadose!zone.!!At!initial!stages!of!inquiry,!analyses!from!the!Food!and!Agricultural!Organization!of!the!United!Nations!(FAO)!Penman`Monteith!(PM!56)!calculations!were!not!used.!!These!calculations!did,!however,!become!useful!for!further!analysis!of!hydrologic!conditions!and!analysis!of!the!hydrologic!budget,!as!indicated!in!Chapter!7.!!The!calculated!ET!from!the!FAO!PM56!calculations!corresponded!well!with!the!generalized!groupings!as!similar!variables!were!required!to!make!the!assumptions!and!the!calculations!alike.!!Low!classification!of!ET!identified!within!winter!months!over!the!study!period.!!High!evapotranspiration!corresponded!with!the!height!of!the!growing!season!(July/August).!!
Table!27:!!Equal!Interval!classification!for!meteorological!and!field!parameters!at!McIntosh!site.!!All!intervals!were!based!on!the!entire!data`sets!actual!range!of!values!from!April!21st!2011!to!August!8th!2013!
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!
!The!soil!moisture!measured!by!TDR!probes!(locations!identified!in!section!3.9),!was!also!assigned!values!based!on!equal!interval!separation!of!the!range!of!data!into!high,!medium!and!low!values.!!The!high!correlation!between!deeper!soil!moisture!probes!and!water!table!level,!Field!A!(CT)!r2!–!0.75,!Field!B!(NT):!r2!–!0.66)!(see!figure!62),!was!determined!to!be!one!of!the!primary!indicators!of!use!for!indication!of!field!AHCs.!!Both!the!pre`event!water!table’s!position!and!the!soil!moisture!profile!of!the!vadose!zone!were!used!to!determine!the!effective!soil!porosity!(the!available!storage)!above!the!water!table.!!
Figure!62!&!63:!Q/P!ratio!compared!with!pre!event!soil!moisture!at!the!point!just!prior!to!the!initiation!of!rainfall.!Event!discharge!correlated!strongly!(confident!at!99%)!with!deeper!soil!moisture!probes!from!non`backpressure!events!indicating!soil!moisture!at!depth!could!aid!in!the!prediction!of!discharge!volume!in!future!scenarios.!
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Analysis!of!soil!moisture!probes!provide!useful!insight!to!basin!AHCs!and!is!related!to!event!discharge!from!tiles!(see!Section!3.6,!3.7!&!3.8).!!As!such,!pre`event!soil!moisture!from!the!deeper!probes!(P3)!on!field!A!(CT)!and!B!(NT)!were!closely!correlated!with!total!event!discharge!(Figure!63,!r2:!0.64;!99%!C.I).!!Q/P!ratio!(basin!efficiency)!is!also!a!good!indicator!of!AHCs.!!Although!it!was!observed!that!soil!moisture!did!not!correlate!with!Q/P!ratio!(Figure!62).!!This!is!likely!due!to!the!highly!variable!nature!of!precipitation!events!intensity,!duration,!AHCs!and!the!presence!of!macropores.!!Pre`event!water!table!similarly!provides!information!on!the!amount!of!available!space!within!the!system!to!store!water.!!
!
6.3.3(Modification(of(Methods(! As!a!result!of!the!data!available,!and!limited!amount!of!non`backpressure!events,!the!previous!conceptual!method!utilized!in!Section!6.3.2!was!deemed!to!be!highly!complex!and!limited!useable!results.!!Alternatives!were!explored!because!analyses!of!tile!events!were!insufficiently!supported!by!the!evidentiary!base,!largely!due!to!the!amount!of!variability!within!this!dataset.!
Figure!64:!!Water!table!depth!from!surface!and!P4!VWC!(%)!fields!A!and!B!
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As!discussed!in!Chapter!5,!direct!tile!runoff!was!calculated!by!hydrograph!interpretation!from!the!ratio!relationship,!and!the!shape!of!the!hydrograph!from!the!rising!limb!inflection!point!to!recession!limb!inflection!point.!!This!is!often!a!complicated!measurement!and!difficulties!can!arise!when!successive!storms!produce!potential!misinterpretations!of!exact!hydrograph!inflection.!Additionally!the!complexities!introduced!during!multiple!successive!events!resulting!overlapping!event!flows,!as!a!return!to!baseflow!conditions!may!have!not!occurred!form!the!initial!event.!!By!plotting!precipitation!of!a!given!event!(m3),!versus!the!amount!of!discharge!from!each!tile!(m3)!we!are!able!to!use!this!analysis!as!the!general!indicator!of!antecedent!conditions!of!each!field.!!A!higher!ratio!(Q/P!`!basin!efficiency)!will!indicate!that!prior!to!the!event,!a!system!is!likely!to!be!more!efficient.!!!Meaning,!the!vadose!zone!has!a!higher!moisture!content!and!is!closer!to!field!capacity,!and!has!a!higher!connectivity!with!upper!horizons,!which!assists!in!the!rapid!movement!of!water!through!the!column.!!Conversely,!a!lower!ratio!will!indicate!a!drier!system,!with!more!available!storage!and!potential!for!a!decreased!volume!of!tile!flow.!!However,!the!Q/P!ratio!varies!widely,!suggesting!a!non`linear!relationship!between!precipitation!and!runoff.!!A!major!control!on!this!is!the!antecedent!moisture!conditions!within!each!of!the!tillage!fields.!!Original!Q/P!ratios!that!have!a!value!greater!than!1!were!decided!to!be!indicative!of!melt!events.!!The!determination!of!a!melt!event!having!a!Q/P!ratio!of!>1!is!related!to!minimal!incoming!precipitation,!and!a!much!larger!volume!of!discharge!in!the!tile!systems,!indicative!of!snowmelt!and!season.!!This!ratio!was!originally!identified!and!aided!in!the!adjustment!of!melt!events!though!the!inclusion!of!snow!depth!data!acquired!
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from!a!nearby!Environment!Canada!meteorological!station!in!Stratford!(see!Section!6.1.1).!The!data!collected!from!the!McIntosh!site!showed!large!tile!discharge!events!with!little!to!no!precipitation!during!the!winter!months,!underlining!the!importance!of!snow!melt!estimations!that!were!conducted!in!Section!6.1.1.!!This!is!further!evident!from!analysis!of!meteorological!parameters,!Chapter!4,!where!indications!of!increased!T!(°C)!while!limited!incoming!P!(mm)!and!previous!days!with!the!T!below!0°C!were!evident.!!Storage,!in!the!form!of!snow,!or!some!small!areas!of!frozen!ponded!water!on!the!fields!did!occur!occasionally,!as!was!noted!from!periodic!site!visits!during!the!winter!months.!!During!the!2011!–!2012!winter!(December!21st!–!March!21st),!34!of!92!(40.2%)!days!experienced!average!daily!temperatures!!>0!°C.!A!greater!length!of!study!period!is!required!in!order!to!strengthen!any!relationship!discovered!for!the!Q/P!ratio.!As!with!much!of!the!previous!literature,!pre`event!stream!flow!was!determined!to!be!a!primary!indicator!of!basin!conditions!(Sklash!&!Farvolden,!1979;!McDonald,!1998;!Rice!&!Hornberger,!1998;!Macrae!et!al.,!2010)!and!therefore!was!the!next!parameter!examined.!!To!further!understand!the!relationship!between!deep!soil!moisture!probes!and!water!table!height,!pre`event!flow!within!each!field’s!tile!was!taken!into!account.!!Pre`event!flow!in!the!tile!has!been!identified!in!literature!as!also!being!an!indicator!of!AHCs!as!the!tile!draws!down!the!water!table!and!acts!as!a!large!conduit!for!water!discharging!from!the!field.!It!is!assumed!that!the!greater!the!flow!within!the!tile,!the!wetter!the!system!is!likely!to!be!(Sklash!&!Farvolden,!1979;!McDonald,!1998;!Rice!&!Hornberger,!1998;!Macrae!et!al.,!2010).!!!Analysis!of!the!non`
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backpressure!events!(Section!5.2)!revealed!that!fields!with!a!steady!average!hourly!baseflow!rate!of!<0.04L/s!pre`event!were!conducive!to!reduced!pre!event!precipitation,!higher!ET!rates!or!both!and!therefore!was!likely!to!exhibit!less!(or!a!reduced)!response,!with!a!Q/P!ratio!of!<0.10.!!!The!reduced!response!is!also!likely!to!be!attributed!to!the!24+!hours!preceding!the!events!in!which!there!was!minimal!tile!discharge!and!relatively!dry!soil!conditions.!!!As!discussed!in!Chapter!5!analyses!among!fields!A!(CT),!B!(NT)!and!C!(MT)!were!carried!out!to!develop!ratios!to!apply!corrections!to!the!flow!from!B!(NT)!and!C!(MT)!from!the!A!(CT)!tile!flow.!!This!was!necessary!due!to!the!presence!of!backpressure!events,!noted!by!the!prolonged!plateau!occurring!at!the!maximum!flow.!!It!was!often!observed,!among!all!fields,!that!tile!flow!was!reduced!to!0!L/s.!In!the!analysis!of!pre`event!flow,!events!that!showed!an!average!hourly!flow!rate!at!the!beginning!of!the!event!>0.08L/s!often!demonstrated!backpressure!characteristics.!!!However,!average!pre`event!flow!varied!among!seasons,!indicating!additional!complexities!of!analysis!with!AHCs.!!Fields!were!determined!to!be!moderately!saturated!if:!!1.!The!flow!was!>0.08L/s,!!2.!The!storm!immediately!followed!other!non`backpressure!flow!events,!3.!The!field!had!an!average!7!day!pre`event!precipitation!below!20mm,!!4.!A!14!day!pre`event!precipitation!below#50mm,!and!!5.!Average!daily!temperatures!were!above!10°C.!!!!‘Saturated!conditions’!were!distinguished!from!those!selected!as!‘moderately!saturated’!by:!!1.!Identifying!those!that!immediately!followed!backpressure!events,!!2.!Had!a!pre`event!7!day!precipitation!above!20mm,!!3.!A!14!day!pre`event!precipitation!above!50mm!and!!4.!An!average!daily!temperature!below!10°C.!!
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!The!classification!system!is!summarized!in!the!flow!chart!(Figure!65).!!However,!this!is!not!to!say!that!backpressure!events!did!not!occur!across!all!conditions.!!!Throughout!the!study!period,!5!backpressure!events!occurred!in!winter,!11!in!spring,!7!in!fall!and!1!in!summer!(no!flow!occurred!over!the!height!of!the!growing!season!–!see!Figure!70).!!Providing!conditions!for!compartmentalization!allows!for!analysis!of!the!majority!of!backpressure!events!that!occurred!under!selected!AHCs!and!provide!useful!insights!into!field!scale!hydrological!conditions.(
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(
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Figure!65:!!AHC!classification!system!utilized!in!defining!pre!event!conditions!
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6.3.3.1(Individual(event(AHC(analysis(
# To!better!comprehend!the!intricacies!of!AHC!identification,!calculation!of,!and!impacts!on!event!flow,!individual!events!that!can!be!characterized!easily!by!identifiable!pre`event!conditions!such!as!after!a!prolonged!dry,!or!wet!period!are!analyzed!in!this!section.!50%!of!dry!events!occurred!in!the!spring!seasons,!and!similarly,!47%!of!wet!events!occurred!over!the!winter!seasons!when!ET!was!low!(see!Table!28).!!It!is!believed!that!the!individual!events!when!separated!by!season!and!AHC!parameterization!will!show!variation!in!responses!and!tile!discharge!volume.!!For!example,!an!event!that!occurred!during!the!summer!(June!22nd/!23rd!2011)!showed!very!low!flow!prior!to!the!event!(<0.04L/s),!and!only!5mm!of!rainfall!in!the!previous!7!days.!!Therefore,!under!the!classification!system!outlined!above,!these!conditions!indicate!dry!AHCs.!Soil!moisture!data!was!not!available!at!this!time.!!!!!Flow!within!the!system!on!fields!B!(NT)!and!C!(NT)!indicated!backpressure!
Figure!66:!!Event!of!June!22nd/23rd!demonstrating!unique!backpressure!characteristics!after!prolonged!drought!conditions!across!the!field!site.!Intense!precipitation!initially!had!little!effect!on!tile!response,!a!short!time!after,!another!intense!precipitation!event!caused!rapid!responses!across!all!fields.!
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(sharp!peak)!from!a!21.9mm!storm!event!(June!22nd!2011).!!!!Due!to!the!event!taking!place!in!the!summer!season,!it!is!likely!that!the!precipitation!event!was!a!convective!storm!with!high!intensity.!This!is!confirmed!by!analysis!of!the!meteorological!data!which!shows!that!92.7%!of!the!total!daily!precipitation!(20.3!of!22mm)!fell!within!a!two`hour!period!and!the!temperature!decreased!by!7.94°C!from!a!high!of!25.21°C!at!18:00,!to!a!low!of!17.27°C!at!23:00!after!rain!had!ceased.!It!is!also!reasonable!to!assume!that!the!system!had!soil!cracking!at!the!surface!due!to!the!prolonged!dry!period!prior!to!this!time,!which!may!have!caused!amplified!access!to!the!subsurface!during!these!times!which!is!likely!responsible!for!the!to!the!abrupt!response!shown!in!the!hydrograph!(see!Figure!66).!!Another!event,!such!as!the!one!that!occurred!on!April!25th!2011,!for!example,!immediately!followed!a!backpressure!event.!!Pre`event!flow!had!an!average!hourly!pre`event!flow!rate!of!0.112!L/s.!!As!well,!26mm!of!rainfall!fell!within!7!days!leading!up!to!this!event.!This!led!us!to!classify!the!antecedent!conditions!of!this!storm!as!wet.!!!This!resulted!in!another!backpressure!event!occurring!and!a!very!prolonged!recession!limb!on!the!hydrograph.!(
(
6.3.3.2(Results(
(! !! The!results!allowed!for!categorization!of!events!by!season,!antecedent!hydrologic!condition!as!well!as!magnitude.!!For!the!study!period!of!2011!and!majority!of!2012,!the!frequency!of!events!are!summarized!in!Table!28.!
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! The!greatest!number!of!events!and!the!greatest!frequency!of!moderate!and!wet!antecedent!conditions!occurred!during!the!winter!months!(Figure!67).!!Seventeen!events,!the!greatest!number!of!events!occurred!in!winter,!included!backpressure!events.!!Average!daily!temperatures!over!the!winter!months!showed!that!40.2%!of!days!experienced!temperatures!>0°C,!indicating!a!great!deal!of!potential!for!snowmelt!events!to!occur.!!Throughout!the!entire!study!period,!a!total!of!39!AHCs!were!classified.!!However,!only!35%!of!these!were!non`backpressure!events.!These!events!are!those!that!were!initially!analyzed!for!the!parameterization!of!the!antecedent!conditions.!!Once!the!backpressure!issue!was!corrected,!all!of!the!events!could!be!analyzed!as!total!flow!values.!!Tile!discharge!events!were!isolated!by!individual!field,!as!well!as!the!season,!wet,!moderate,!and!dry!AHCs!and!selected!for!analysis!individually!of!Q/P!ratio!and!event!frequencies.!!Analysis!is!separated!by!tillage!practice!and!further!between!seasons.!!Because!of!the!lack!of!flow!events!during!the!summer!months,!specifically!during!peak!growing!season,!there!are!limitations!within!this!dataset!and!subsequently!no!analysis!for!this!period!is!possible.!(The!runoff!ratios!observed!over!the!study!period!demonstrated!seasonal!trends:!with!the!lowest!occurring!generally!over!the!summer!months,!and!highest!during!the!winter!months.(
Table!28:!Event!Frequencies!based!on!categorized!Antecedent!Hydrologic!Conditionss!
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(
( Confidence!intervals!for!figure!68:!!
Conventional(till((field(A)(C.Is(for(AHC(/(Q/P(ratio(
(
Dry(fall/spring:((0.614(r((n=8)(((not(confident(@(95%(CI)(
Mod(fall/spring:((0.0678r((n=4)((not(confident(@(95%(CI)(
Wet(fall/spring:((0.7883r((n=8/9)((Confident(at(98%(CI)(
Winter(dry:((0.989r((n=3)((not(confident(@(95%(CI)(
Winter(mod:(0.6213((n=5)((not(confident(@(95%(CI)(
Winter(wet:(0.4558((n=6)((not(confident(@(95%(CI)(
(
No(till((field(B)(C.Is(for(AHC(/(Q/P(ratio(
(
Dry(fall/spring:((0.514(r((n=8)((not(confident(@(95%(CI)(
Mod(fall/spring:((0.97r((n=4)(Confident(at(95%(CI)(
Wet(fall/spring:((0.7084r((n=9)((Confident(at(95%(CI)(
Winter(dry:((0.988r((n=3)((not(confident(@(95%(CI)(
Winter(mod:(0.7321((n=5)((not(confident(@(95%(CI)(
Winter(wet:(0.4558((n=6)((not(confident(@(95%(CI)(
(
Modified(till((field(C)(C.Is(for(AHC(/(Q/P(ratio(
(
Dry(fall/spring:((0.593(r((n=8)((not(confident(@(95%(CI)(
Mod(fall/spring:((0.99r((n=4)((Confident(at(98%(CI)(
Wet(fall/spring:((0.50289(r((n=9)((not(>(Confident(at(95%(CI)(
Winter(dry:((0.988r((n=3)((not(confident(@(95%(CI)(
Winter(mod:(0.6062((n=5)((not(confident(@(95%(CI)(
Winter(wet:(0.77((n=6)((not(confident(@(95%(CI)(
(
Figure!67:!!Event!frequency!based!on!season,!and!according!to!all!classified!AHCs!
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(
Figure!68!(a),!(b),!(c):!!Individual!field!and!season!event!discharge!and!event!precipitation!!!
a)!
b)!
c)!
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!!!!!!!! Most!events!showed!a!positive!correlation!between!precipitation!volume!and!event!size.!!The!statistically!weak!data!for!the!dry!winter!conditions!was!not!considered!for!further!analysis!due!to!very!low!sample!size.!!No!snow!surveys!were!complete!and!thus!there!is!a!lack!of!specific!snow`depth!data!available!for!the!McIntosh!site.!!!Melt!events!were!added!for!the!analysis!of!winter!events!to!on!site!collected!precipitation!data!through!the!temperature!index!method!(Section!6.1.1).!The!variation!in!correlation!coefficients!among!fields,!within!the!same!defined!season!and!under!the!same!antecedent!conditions!supports!the!hypothesis!of!differences!among!tillage!methods.!!The!variations!among!tillage!methods!are!the!only!significant!difference!between!the!fields!as!noted!through!physical!soil!analysis!(Chapter!3).!Under!the!dry!AHCs!during!fall!/!spring,!defined!above,!field!A!(CT),!showed!the!strongest!relationship!of!event!discharge!to!event!precipitation!(Figure!68!(a)!r2:!0.377,!n=8,!not!significant!at!95%!C.I.),!while!field!B!(NT`!Figure!68!b)!showed!the!weakest!relationship!(r2:!0.264!n=8,!not!significant!at!95%!C.I.).!!Prior!to!baseflow!
Figure!69:!!Average!Q/P!Ratio!for!various!antecedent!conditions!for!each!field.!!Error!bars!represent!standard!error!of!the!mean!
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separation,!(see!Section!5.6),!runoff!ratios!ranged!from!0!to!0.81!(Tables!29!and!30),!the!largest!values!determined!to!be!melt!events.!!!The!next!largest!Q/P!ratio!of!0.62!occurred!during!what!was!determined!to!be!a!wet!antecedent!condition!in!the!winter!of!2011!(Feb!26th!2011).!!During!this!melt!event!there!was!22mm!of!water!input,!derived!entirely!from!melt,!further!signifying!the!importance!of!melt!events!and!confirming!that!overall!runoff!ratios!are!generally!higher!during!the!winter!months.!!A!total!of!eight!events!were!determined!to!have!wet!antecedent!hydrologic!conditions,!compared!with!four!during!the!spring,!five!in!the!fall!and!0!over!the!summer.!!In!work!conducted!by!Macrae!et!al!(2010)!in!agricultural!tile!drained!fields!AHCs!were!found!to!support!the!current!analysis!of!seasonal!trends.!Under!the!very!dry!conditions!experienced!during!the!peak!of!summer!in!2011!&!2012,!there!was!no!response!in!the!tiles!to!any!precipitation!event.!!Runoff!ratios!were!seen!to!increase!as!antecedent!hydrologic!conditions!became!wet!(Figure!69),!which!is!consistent!with!traditional!knowledge,!as!storage!will!decrease!under!increasingly!wet!AHCs.!!!!During!successive!events,!the!AHCs!in!the!basin!naturally!become!increasingly!wet,!and!as!such,!the!runoff!ratio!increased,!consistent!with!previous!research!conducted!by!Biron!et!al,!(1999),!which!reports!that!runoff!ratios!were!closely!linked!to!pre`event!flow!conditions!in!the!tile.!!This!was!used!as!a!primary!indicator!of!the!field’s!antecedent!conditions.!!In!keeping!with!previous!studies,!(Buttle!et!al.,!2001;!James!&!Roulet,!2007),!the!relationship!between!runoff!ratios!and!antecedent!hydrologic!condition!are!important!to!consider.!!In!the!case!of!McIntosh!farm!when!the!flow!through!the!tile!is!showing!flow!rates!>0.08L/s!±!0.07,!or!when!the!field!is!showing!‘moderately’!or!
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‘wet’!AHCs,!precipitation!volume!was!determined!to!have!a!greater!impact!on!runoff!ratios!than!under!dry!conditions!over!the!study!period.!!!!!Analysis!of!hydrograph!responses,!and!event!hydrograph!analysis!is!also!closely!related!to!the!fields!AHCs.!!!Because!the!individual!plots!are!within!close!spatial!proximity,!it!has!been!shown!that!physical!soil!characteristics!(Chapter!3)!only!differ!within!the!upper!‘A’!horizon!of!the!vadose!zone.!!Bulk!density!(Figure!10)!and!porosity!(Figure!9)!were!observed!to!be!significantly!different!in!field!B!(NT)!and!C!(MT)!relative!to!field!A.!!It!can!also!be!assumed!that!precipitation!patterns!are!the!same!for!each!event!given!the!spatial!proximity.!As!noted!earlier!the!only!difference!among!the!different!tillage!‘treatment’!fields!is!tillage!practice!(Chapter!3),!and!to!a!small!degree!field!topography!(Figure!7),!both!of!which!impacts!the!soil!moisture!in!the!upper!horizons!(Figure!20).!!Generally,!the!shape!of!the!hydrograph!is!shown!to!vary!with!antecedent!conditions!(Figure!70).!!The!events,!which!exhibit!‘wet!or!moderate’!antecedent!conditions,!show!a!faster!time!to!peak!flow,!and!generally!a!slower!recession!curve.!!!During!the!summer!months,!high!potential!evapotranspiration!contributed!significantly!to!low,!or!no!flow!in!the!tiles.!This!point!will!be!discussed!further!in!the!next!chapter!that!provides!analysis!of!evapotranspiration!(Chapter!7).!!The!result!of!dry!conditions!indicates!that!there!was!very!little!response!in!the!tiles!to!the!precipitation!events.!!This!is!again!partially!due!to!the!below!average!precipitation!which!has!occurred!over!the!summer!months!of!2011!and!2012,!and!would!not!be!characteristic!of!a!‘normal’!year!that!is!demonstrated!in!(Chapter!4;!4.1.1).!!!!
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6.4(Conclusion(
( The!entire!data!set!saw!two!summers!of!below!average!precipitation!(2011!&!2012!–!see!Figure!30!&!31),!followed!by!a!summer!of!above!average!precipitation!(2013)!(see!Section!4.1.1).!!The!large!variability!in!tile!discharge!data!suggests!larger!datasets!are!required!for!development!of!further!confidence!in!characterization!of!antecedent!conditions!within!a!tiled!agricultural!field!at!the!McIntosh!farm.!!Basin!efficiency!is!an!important!tool!to!aid!in!the!interpretation!of!a!fields!tile!response.!!This!is!particularly!true!during!the!growing!season!where!periods!of!drought!may!be!imminent!and!impact!the!farming!yield.!!Results!showed!seasonality!correlations!and!related!tile!discharge!magnitude!variance!that!aid!in!the!understanding!of!agricultural!field!hydrology.(Because!of!the!assumptions!made!that!were!needed!to!carry!out!the!analysis!outlined!above!and!the!variability!within!the!data,!it!was!determined!that!pre`event!flow!and!season!would!be!primary!indicators!of!the!fields!AHCs.!Other!parameters,!which!were!initially!thought!valuable!for!analysis,!did!not!provide!sufficient!support!for!development!of!a!tool!for!adjusting!backpressure!hydrographs!based!on!AHCs,!or!identifying!antecedent!hydrologic!conditions!in!the!fields.!!!Through!this!classification!system,!we!are!able!to!categorize!the!AHCs!of!the!field!to!determine!the!impacts!of!each!parameter!on!the!Q/P!ratio,!and!distinguish!determining!factors!of!a!backpressure!event!occurrence.!!!This!information!is!valuable!for!agricultural!management!practices!for!various!reasons,!including;!fertilizer!and!manure!application,!irrigation!timing!for!improved!water!use!efficiency,!as!well!as!crop!planting!and!harvest!timing.!!Although!many!farmers!will!
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not!have!weirs!installed!on!the!fields,!header!tiles!are!often!installed,!and!usually!include!a!drainage!point!that!can!be!accessed!and!visually!assessed!or!assessed!by!instrumentation.!!!This!data!can!provide!the!farmer!with!a!general!indication!of!his!or!her!field’s!conditions!that!can!be!used!in!conjunction!with!historical!weather!records!to!assess!how!the!individual!field!will!respond!to!the!next!precipitation!event.!Knowing!the!relationship!can!produce!basin!efficiency!estimations!and!ultimately!aid!in!the!determination!of!if!the!tiles!will!respond!to!an!oncoming!event!that!may!have!potential!for!nutrient!export.!!!Ability!to!retain!potential!runoff!in!the!system!to!supply!crops!with!water!for!a!longer!period!of!time!can!reduce!irrigation!needs!and!costs,!as!well!as!restrict!nutrient!pulse!events!during!these!times!providing!valuable!reduction!in!nutrient!flow!to!fresh!water!systems.!!Categorizing!the!AHCs!revealed!that!by!also!analyzing!available!data,!management!systems!could!be!created!to!predict!event!flow!thereby!aiding!agricultural!land!management!in!assessing!fertilizer!application!as!well!as!techniques!to!manage!drought!conditions.!!!
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(! Figure!70:!Hydrographs!responses!based!off!AHCs.!!Individual!precipitation!events!are!show!as!point!data!(mm).!
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Chapter(7((Evapotranspiration(! !! Globally,!approximately!62%!of!the!precipitation!that!falls!on!the!continents!is!evapotranspired.!This!amounts!to!72,000km3!yrA1!of!water!loss.!!Of!this,!about!97%!is!evapotranspiration!(ET)!from!land!surfaces!(Dingman.,!1994).!It!has!been!noted!in!previous!studies!that!a!1mm!loss!of!water!through!ET!across!1ha!agricultural!land!is!equivalent!to!10m3!of!water!(Allen!&!Pereira!et!al.,!1998).!!Therefore,!evapotranspiration!is!integral!to!analyzing!the!hydrologic!conditions!of!an!agricultural!system’s!water!balance!(Chapter!8).!This!can!ultimately!provide!valuable!insight!for!agricultural!methods!such!as:!irrigation!efficiency;!fertilizer!application!and!the!identification!of!optimal!crop!seeding!and!harvest!dates.!!The!objective!of!this!chapter!is!to!identify!the!evapotranspiration!rate!from!the!field!site!on!a!daily!timescale!under!various!cropping!conditions.!!
(
7.1(Reference(Evapotranspiration(Calculations((ETo)(! Changes!in!seasonal!meteorological!parameters!have!profound!impacts!on!crop!yields,!and!the!economics!of!farming!operations!in!southern!Ontarian!agriculture.!!Climate!projections!based!on!global!climate!models!indicate!that!increases!in!ambient!temperatures,!decreases!in!growing!season!precipitation,!and!increasing!storm!intensity!(Section!1.3.5!&!Chapter!4)!may!result!in!increased!evapotranspiration!(ET).!!This!will!result!in!crop!growth!issues:!there!will!be!greater!shallow!soil!evaporation!from!soils!when!there!is!no!crop!cover,!and!reduce!infiltration!during!summer!months!(Expert!Panel!on!Climate!Change!Adaptation,!2009).!These!predictions!were!to!a!degree!played!out!in!the!summer!of!2011!and!to!
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a!greater!extent!during!2012.!Climate!projections,!specifically!precipitation!projections,!vary!for!southern!Ontario.!!It!has!been!noted!that!it!is!difficult!to!replicate!these!projections,!as!there!is!always!some!degree!of!uncertainty!attached!due!to!the!influence!of!the!Great!Lakes!on!the!regional!climate!(Expert!Panel!on!Climate!Change!Adaptation,!2009).!!As!such,!there!is!a!need!to!develop!our!understanding!these!predicted!changes!in!climate’s!impact!on!the!field!scale!hydrological!cycle,!including!evapotranspiration,!using!different!management!practices!(tillage!types).!!Since!much!of!the!active!farmland!in!the!southern!Ontario!sedimentary!plain!is!artificially!drained,!it!may!be!possible,!by!understanding!the!relationship!between!changes!in!climate!and!field!hydrology,!to!define!management!strategies!to!cope!with!variable!climate.!!For!example,!when!climate!is!less!than!ideal!for!crop!growth,!as!during!summers!of!increased!drought!frequency!and!duration,!plugging!tile!drains!to!conserve!water!may!be!one!strategy!employed.!Literature!review!of!tillage!methods’!impact!on!evapotranspiration!revealed!that!differences!between!various!tillage!treatments!has!been!shown!not!to!be!significantly!different!during!growing!season!(Pelegrin!et!al.,!1990).!Because!of!the!focus!on!growing!season!conditions,!the!single!calculated!ET!value!among!the!three!tillage!treatments!in!this!study!can!be!used!for!this!time!period.!There!are!potential!sources!for!error!with!in!the!ET!calculation!during!preAsowing!and!postAharvest!when!soil!surface!is!exposed.!No!till!treatments!in!this!case!have!been!shown!to!have!higher!ET!rates!than!conventionally!tilled!fields!(Pelegrin!et!al.,!1990).!!Soil!surface!exposure!is!a!potential!source!of!error!amongst!the!tillage!methods.!!
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In!order!to!schedule!management!practices!such!as!irrigation,!fertilizer!and!manure!applications!appropriately,!a!farmer!must!know!the!environmental!and!crop!demand!for!surface!water.!!For!the!farmer,!this!surface!water!loss!will!occur!primarily!though!evapotranspiration!(ET)!(Oke.,!1987).!!Where!adequate!meteorological!measurements!are!available,!calculations!of!ET!can!be!carried!out.!The!Food!and!Agricultural!Association!of!the!United!Nations!(FAO)!has!developed!a!modified!PenmanAMonteith!equation,!which!can!be!used!to!estimate!crop!evapotranspiration.!!If!the!appropriate!data!are!available,!the!PenmanAMonteith!method!is!regarded!as!highly!accurate.!!It!is!recommended!as!the!sole!method!for!calculating!ETo!(Grass!reference!ET)!by!the!FAO!(Allen!et!al.,!1998;!Sentelhas!et!al.,!2010).!!!Moreover,!it!is!also!regarded!as!one!of!the!most!accurate!modeling!techniques!in!nearly!any!climatic!zone!(Anyadike!1987;!Barnett!et!al.,!1998;!Qiu!et!al.,!2002).!!!The!FAO!produced!a!PenmanAMonteith!model!(56PM)!that!is!a!variant!of!the!original!Penman!model!(1948)!that!accounts!for!aerodynamic!and!bulk!surface!resistance.!!By!defining!a!reference!crop,!and!modifying!for!further!crop!specifics,!using!the!FAO!PenmanAMonteith!method!to!estimate!ETo!provides!values!more!consistent!with!actual!crop!water!use!data!worldwide!(Allen,!Richard!G!(Utah!State!University)!Pereira!et!al.,!1998).!!The!Traditional!PenmanAMonteith!equation!was!modified!as:!! Equation!7.1!
ETO =
0.408Δ(Rn −G)+γ 900T + 273.3u2 (es − ea )
Δ+γ (1+ 0.34u2 )
!!
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where:!ETo:!grass!reference!evapotranspiration!(mm!dayA1)!Rn:!Net!radiation!(MJ!mA2!dayA1)!G:!Soil!heat!flux!(MJ!mA2!dayA1)!γ:!psychometric!constant!(kPa!°CA1)!es:!saturation!vapour!pressure!(kPa)!ea:!actual!vapour!pressure!(kPa)!Δ:!slope!of!the!saturation!vapour!pressureAtemperature!curve!(kPa!°CA1)!T:!average!daily!air!temperature!(°C)!u2:!mean!daily!wind!speed!at!2m!(m!sA1)!!!! ! ! ! ! ! ! (Allen!et!al.,!1998)!! This!reference!evapotranspiration!calculation!provides!a!daily!evapotranspiration!rate!against!which!evapotranspiration!at!different!periods!of!the!year,!or!in!other!regions!can!be!accurately!compared.!!Calculations!and!comparisons!for!multiple!crops!can!also!be!undertaken.!Meteorological!data!was!collected!on!a!half!hour!basis!and!included!Temperature!(°C)!at!1m!and!2m!heights!above!ground,!RH!(%)!at!1m!and!2m!heights,!precipitation!collected!from!tipping!bucket!(mm),!Net!Radiation!(WmA2!converted!to!MJ!m2!dayA1),!wind!speed!(msA1)!and!direction!(°).!!From!this!data!maximum!daily!temperature,!RH!(%),!minimum!daily!temperature,!and!average!daily!net!radiation!(WmA2,!converted!to!MJ!m2!dayA1),!and!wind!speed!(msA1)!were!calculated!for!use!in!the!FAO!PM56!calculation.!The!temporal!scale!of!measurement!for!the!ETo!calculation!allows!for!the!soil!heat!flux!term,!G,!to!be!ignored!as!G!on!a!daily!scale!is!minimal!(Allen!et!al.,!1998).!!However,!the!term!should!not!be!ignored!for!longer!time!scales!such!as!monthly!data!because!the!flux!will!be!more!significant.!!Initially!the!average!daily!maximum!and!minimum!temperatures!(°C)!were!calculated!using!the!equation:!
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! Equation!7.2!
Tmean =
Tmax +Tmin
2 !!where:!Tmean!is!the!mean!daily!air!temperature!°C;!!Tmax!is!the!maximum!daily!air!temperature!°C;!Tmin!is!the!minimum!daily!air!temperature,!°C.!!!Mean!daily!solar!radiation!(Rn)!was!calculated!from!the!net!radiation.!This!was!obtained!from!the!weather!station!as!the!average!value!over!the!24Ahour!period.!!In!order!to!convert!units!from!the!measured!W!mA2!day!A1!to!the!required!MJ!mA2!dayA1!raw!data!was!multiplied!by!0.0864.!Because!of!the!instrumentation!height!(2m!above!ground!level),!issues!may!arise!during!the!calculation!of!ETo!for!the!2012!growing!season.!!Such!errors!may!be!attributable!to!the!corn!crop!canopy,!whose!height!increases!throughout!the!growing!season,!thereby!reaching!nearer!to!the!anemometer!!(crop!~1A1.5m)!than!the!2011!soy!crop.!!This!may!have!caused!interference!with!wind!measurements!and!also!vapour!flux.!!Average!daily!wind!speed!(u2)!was!calculated!from!direct!wind!speed!measurements!from!the!weather!station!2m!above!ground!level.!!Wind!speed!is!integral!to!the!computation!of!evapotranspiration!because!it!transports!water!vapour!away!from!the!evaporative!surface.!!This!process!is!altered!by!surface!roughness;!greater!turbulence!is!caused!by!increased!surface!roughness.!!Averaging!of!wind!speed!on!a!daily!timescale!may!underestimate!the!evaporation!potential!during!instances!of!high!wind!speed!(e.g.!relatively!short!increases!in!wind!speed),!and!there!may!be!a!source!of!error!from!the!corn!canopy!roughness.!!
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As!the!water!vapour!amount!in!the!air!increases,!it!will!contribute!to!atmospheric!pressure.!!When!air!passes!above!an!evaporating!surface,!water!molecules!evaporate.!!The!rate!at!which!water!evaporates!from!the!surface!is!dependent!on!the!air!temperature,!wind!and!relative!humidity.!!The!higher!the!temperature,!the!greater!potential!for!atmospheric!storage,!and!the!higher!the!saturation!vapour!pressure.!!The!slope!of!the!saturation!vapour!pressure!curve!(Δ)!was!calculated!utilizing:!! Equation!7.3!
Δ =
4098 0.6108exp 17.27×TmeanTmean + 237.3
#
$
%
&
'
(
)
*
+
,
-
.
(Tmean + 237.3)2
!!where:!Tmean!!is!the!mean!daily!air!temperature!obtained!earlier!through!equation!2.!! The!inclusion!of!atmospheric!pressure!is!important!since!elevated!pressure!dampens!evaporation!rates!from!either!open!water!or!leaf!surfaces.!!Atmospheric!pressure!(P)!was!calculated!from:!
Equation!7.4!
P =101.3 293− 0.0065z293
"
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5.76 !!!where:!z!is!the!elevation!above!sea!level,!in!m,!of!the!weather!station.!!Mean!saturation!vapour!pressure!(Es)!was!obtained!by!calculating:!! Equation!7.5!
e°(T ) = 0.6108exp 17.27TT + 273.3
!
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where:!e°(T)!is!the!saturation!vapour!pressure!(kPa)at!the!air!temperature!T!(°C),!calculated!for!both!Tmax!and!Tmin.!The!values!of!saturation!vapour!pressure!(es)!should!be!calculated!as!a!mean!between!the!daily!maximum!and!minimum!temperatures.!!As!such,!es!was!finally!calculated!using:!
Equation!7.6!
es =
e°(Tmax )+ e°(Tmin )
2 !! Actual!vapour!pressure!(ea)!was!calculated!utilizing!the!relative!humidity!data!(RHmax!and!RHmin)!in!the!formula:!! Equation!7.7!
ea =
e°(Tmin ) RHmax100 + e°(Tmax )
RHmin
100
2 !!where:!ea!is!the!actual!vapour!pressure!(kPa),!e°(Tmin)!is!the!saturation!vapour!pressure!at!daily!minimum!temperature!(kPa),!e°(Tmax)is!the!saturation!vapour!pressure!at!daily!maximum!temperature!(kPa),!RHmax!is!the!maximum!daily!relative!humidity!(%),!RHmin!is!the!minimum!daily!relative!humidity!(%).!!Vapour!pressure!deficit!is!the!difference!between!the!saturation!(es)!and!the!actual!vapour!pressure!(ea)!for!the!desired!time!period.!!The!psychometric!constant,!γ,!is!the!ratio!of!specific!heat!of!moist!air!at!constant!pressure!(Cp)!to!latent!heat!of!vaporization.!To!determine!this,!the!equation!was!used:!!
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Equation!8!
γ = 0.665×10−3 ×P !!!where!P!is!the!atmospheric!pressure!at!the!specific!elevation!of!the!study!site!(338.58m)!determined!through!equation!7.4.!With!the!meteorological!data!collected!at!the!McIntosh!site!ETo!(Grass!reference)!was!calculated!on!a!daily!timescale!for!the!2011!(April!–!Dec)!A!2012!–!2013!(Jan!–!Aug!8)!using!the!FAO!PM!56!method.!Calculations!were!carried!out!based!on!guidelines!presented!by!the!FAO!and!the!University!of!Florida!(Zotarelli!et!al.,!2013)!and!were!further!adjusted!utilizing!the!crop!coefficient!methods!outlined!by!Allen!et!al!(1998).!!Adjusting!the!grass!reference!(ETo)!to!consider!variations!in!vegetative!surface!is!based!on!the!changing!cover!crop!characteristics!during!the!growing!seasons,!and!between!different!crops.!!Because!the!reference!calculation!incorporates!atmospheric!parameters,!crop!specific!coefficients!can!be!utilized!based!on!exclusive!crop!characteristics!of!the!specific!crop!type!and!physiographic!information.!!
"
7.2(Crop(coefficient(approach((Kc)(!! The!crop!coefficient!(Kc)!approach!is!utilized!in!the!FAO!PM56!ETo!equation!identified!in!equation!7.1,!and!incorporates!other!factors!including:!crop!type,!and!crop!growth!stage!in!order!to!enhance!accuracy!of!the!ET!calculation!from!a!grass!based!reference!calculation!(ETo)!to!a!specific!crop!evapotranspiration!(ETc).!!This!enhances!the!accuracy!of!the!equation!for!crop!specifics!because!variations!in!ET!due!to!changes!in!leaf!area!(LAI),!bulk!surface!resistance!and!the!roughness!length!
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can!greatly!affect!values.!ETo!utilizes!many!meteorological!parameters,!which!are!identified!in!Section!7.1.!!Therefore,!the!crop!coefficient!(ETc)!approach!focuses!on!specific!crop!characteristics.!The!Kc!factor!serves!as!an!aggregation!of!the!physical!and!physiological!differences!between!crops!and!the!reference!definition.!Kc!utilizes!the!effects!of!four!main!characteristics!that!distinguish!the!crop!from!the!reference!of!grass,!which!include:!i. Crop!height!ii. Albedo!iii. Canopy!resistance! !iv. Evaporation!from!soil,!especially!exposed!soil!(Allen!et!al.,!1998)!!Following!a!rain!event!or!irrigation,!the!vapour!transfer!rate!from!the!soil!is!high,!especially!for!crops!having!incomplete!ground!cover!or!with!bare,!exposed!soil.!!Combined!with!the!surface!resistance!of!the!canopy,!this!determines!the!bulk!surface!resistance,!rs.!!The!overall!utilization!of!Kc!predicts!ETc!under!standard!conditions,!where!no!limitations!are!placed!on!crop!growth!or!evapotranspiration.!!Limitations!can!include!water!shortage,!crop!density,!disease,!weeds,!insects!or!salinity!(Allen!et!al.,!1998).!!Each!limitation!will!alter!the!amount!of!water!available!for!evaporation.!!If!necessary,!ETc!can!be!adjusted!further!when!there!are!environmental!conditions!that!may!stress!on!crop!growth.!!For!the!purposes!of!this!study,!the!assumption!of!a!healthy,!standard!crop!will!be!utilized!as!determined!by!site!analyses!throughout!the!growing!season.!!!One!of!the!more!significant!issues!with!identifying!crop!evapotranspiration!is!the!variance!during!a!growing!season.!!As!the!crop!develops,!ground!cover,!crop!height,!and!leaf!area!change.!!As!such,!Allen!et!al!(1998)!identified!four!main!crop!
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stages:!initial,!crop!development,!mid!season!and!late!season,!defined!below!to!be!utilized!for!Kc.!!!! i) Initial!stage:!!! Evapotranspiration!is!predominately!in!the!form!of!soil!evaporation.!!! ii) Crop!development!stage:!!The!development!stage!runs!from!~10%!of!ground!surface!cover!to!effective!full!cover.!!For!many!crops!full!cover!is!estimated!as!the!time!of!initial!flowering,!or,!for!row!crops!the!time!when!crops!begin!to!intermingle!leaves!from!adjacent!rows!so!that!soil!shading!becomes!nearly!complete!(Allen!et!al.,!1998).!For!crops!taller!than!0.5m,!such!as!corn,!the!average!fraction!of!ground!surface!covered!by!vegetation!at!the!start!of!effective!full!cover!is!~0.7!–!0.8.!It!is!understood!that!as!the!crop!continues!to!grow!this!ratio!will!not!change!significantly!with!ongoing!growth.!!! iii) MidASeason!stage:!!This!stage!has!been!identified!as!beginning!with!full!cover,!and!lasting!until!the!start!of!maturity.!!The!maturity!stage!is!identified!as!the!beginning!of!yellowing!or!senescence!of!leaves,!leaf!drop!or!the!browning!of!fruit!to!the!degree!that!the!crop!evapotranspiration!is!reduced!relative!to!the!reference!ETo.!The!midAseason!stage!is!the!stage!where!Kc!reaches!its!maximum!value.!!!! iv) LateAseason!stage:!!
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This!stage!runs!from!the!start!of!maturity!to!harvest!or!full!senescence.!The!calculation!for!Kc!is!presumed!to!end!when!the!crop!is!harvested,!dries!out!naturally,!reaches!full!senescence!or!experiences!leaf!drop.!!Values!were!further!identified!by!OMAFRA!crop!development!stage,!reference!for!crop!irrigation!requirements!from!Van!der!Gulik!(2001),!official!field!site!planting!dates!provided!by!Bob!McIntosh!and!personal!field!notes.!!2011!was!a!soybean!crop!cover!as!such,!initial,!mid!and!late!season!stage!Kc!values!were:!! Kini:!0.4!Kmid:!1.15!Kend:!0.5!!Kc!for!corn!2012!was!identified!as:! Kini:!0.3!Kmid:!1.2!Kend:!0.6!!(Allen!et!al.,!1998;!OMAFRA.,!2004;!Van!der!Gulik.,!2001)!!!
7.3(Crop(Evapotranspiration((ETc)(
(
( Crop!evapotranspiration!was!calculated!by!multiplying!the!value!of!ETo!by!Kc.!!Date!ranges!for!the!initial!growing!season!were!June!3rd!(2011)!and!April!14th!(2012).!!The!planting!dates!identified!by!OMAFRA!are!typically!May!1st!for!the!southern!Ontario!growing!season,!and!end!date!as!the!first!occurrence!of!a!killing!frost!(A2°C).!!For!the!end!dates,!the!fourth!(iv)!stage!of!crop!development!identified!by!Allen!et!al!(1998)!as!utilized.!!End!date!for!the!seasons!were!identified!by!harvest!
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dates!of!October!5th!in!2011!and!October!16th!in!2012.!!The!initial!and!crop!development!stages!were!identified,!and!midAseason!and!late!season!crop!coefficient!values!were!selected!based!on!the!OMAFRA!crop!development!understandings!and!crop!type.!!Between!development!phases!a!common!value!for!Kc!was!not!utilized.!!During!crop!development,!and!late!season!phase!where!crop!characteristics!are!changing,!gradual!increases!(initial!to!mid!stage)!or!reductions!(mid!to!final!stage)!in!crop!coefficients!are!expected.!!As!per!Allen!et!al!(1998)!adjusting!Kc!values!for!these!periods!further!strengthened!confidence!in!ETc!measurement.!
(
7.4(Results((!! !! Evapotranspiration!data!from!the!years!of!analyses!was!marked!by!variability!in!meteorological!factors!(Chapter!4),!and!crop!type.!!Ultimately,!this!variance!impacted!the!daily!values!of!ET!calculated.!!As!noted!(Chapter!4),!2011!was!a!dry!year!that!experienced!cooler!temperatures!during!the!growing!months!(Avg;!June/July/Aug:!19.5°C)!than!2012!(21.2°C)!or!2013(20.3°C).!!For!this!reason!it!was!deemed!important!to!explore!the!differences!among!years,!and!the!various!crop!types!before!calculating!the!water!balance!of!the!three!tillage!practice!fields!(Chapter!8).!!! The!2011!growing!season!began!on!June!3rd!due!to!the!wetter!than!average!spring!and!the!farmers!inability!to!work!the!fields!before!they!were!adequately!dried.!This!late!start!date!for!the!soy!crops,!however,!did!not!have!a!negative!impact!on!the!yield!of!the!year:!crop!yields!were!~+5%!over!the!mean!yield!(based!on!data!from!Bob!McIntosh).!!2012,!however,!experienced!marked!decreases!in!summer!
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precipitation!and!lowered!corn!yields!by!~10%!(over!normal).!!Optimal!planting!of!corn!and!soy!in!southern!Ontario!occur!before!May!7th!(late!April!–!Mid!May!for!Corn,!Early!May!–!May!10th!for!soy)!(OMAFRA.,!2009).!!Due!to!detailed!field!notes,!it!is!possible!to!identify!the!beginning!of!the!maturation!stage!of!the!soybean!crop!as!being!on!approximately!July!27th.!!The!detailed!agronomy!guide!for!field!crops!by!OMAFRA,!2009,!confirmed!the!date!of!crop!maturation!agreeing!with!the!date!selected.!!! Variability!was!naturally!occurring!within!the!data!on!a!daily!time!step,!due!to!the!averaging!calculation!values,!and!naturally!shifting!meteorological!conditions.!Results!for!2011!and!2012!can!be!seen!in!Figures!71!&!72.!! Each!year!varied!with!the!different!crops!sewed!in!the!fields,!causing!noticeable!differences!between!the!early!crop!stages,!the!maturation!phase,!planting!date!and!harvest!date.!!This!was!particularly!noticeable!during!the!2012Agrowing!season!when!corn!crop!was!planted.!!!Monthly!evapotranspiration!totals!reached!their!maximum!during!peak!growing!season!(June/July/August)!for!both!2011!and!2012!(33.7mm,!66.4mm,!55mm!2011;!75.5mm,!75.7mm,!55.4mm!2012!respectively).!!Each!month!ET!matched!precipitation,!except!during!May!2012,!and!July!2011/2012.!May!2012!saw!33mm!precipitation,!with!a!calculated!ETc!of!55.3mm.!!July!2011!had!55mm!precipitation!and!66.4mm!calculated!ETc,!while!2012!had!39mm!precipitation!and!75.7mm!calculated!ETc.!!This!can!be!attributed!in!part!to!the!earlier!planting!date!in!2012!as!well!as!the!increased!peakAgrowing!season!ET!rate!for!corn.!!As!mentioned!previously,!the!wet!spring!of!2011!delayed!planting,!which!is!further!reflected!in!the!decrease!in!evapotranspiration!in!May!and!June!
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(19.4mm!&!37.3mm,!respectively).!Such!months!of!increased!evapotranspiration!can!have!significant!implications!for!agricultural!systems!without!irrigation,!and!where!soil!moisture!is!maintained!above!the!possible!permanent!wilting!point!(see!Section!3.6.1).!!Data!presented!here!closely!follows!crop!growth!and!the!increases!in!atmospheric!demand!over!the!duration!of!the!growing!seasons,!as!can!be!seen!in!Figures!71!and!72.!!! The!significance!of!calculating!ET!after!a!significant!rainfall!event!was!exemplified!on!June!6th!2011!(30.8mm),!when!there!was!a!long!dry!period!of!16!days!with!warm!temperatures!(avg.!18.53°C),!and!an!average!wind!speed!of!10.56!km!hrA1!producing!high!ETc!rates!(avg.!1.5mm!dayA1,!max!3mm!dayA1).!The!ETc!data!collected!between!the!end!of!a!period!of!significant!rainfall,!and!the!next!precipitation!event!is!critical!in!determining!potential!water!deficits.!The!next!precipitation!event!occurred!on!June!22nd!2011!(21.9mm).!!Following!the!end!of!the!precipitation!on!June!6th,!to!June!22nd!according!to!the!ETc!calculations!performed!there!was!a!total!of!22.84!mm!(±30%!according!to!Allen!et!al.,!1998)!evapotranspired!from!the!field.!This!effectively!removed!the!precipitation!of!June!6th!and!depleted!soil!moisture.!!However,!all!tiles!responded,!discharging!3.54mm/m2!(AACT);!6.92mm/m2!(B!–NT);!11.43mm/m2!(C!–!MT)!to!the!precipitation!event!(38.4mm)!(see!Figure!66).!This!further!pointed!to!the!intricacies!in!analysis!of!agricultural!hydrology,!and!the!importance!of!understanding!antecedent!hydrologic!conditions!of!a!tile!discharge!event.!
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! Total!growing!season!evapotranspiration!for!2011!and!2012!are!calculated!to!be!196.47!and!325.74mm,!respectively.!!This!equates!to!a!mean!daily!evapotranspiration!value!for!the!2011!and!2012!growing!season!of!1.57mm!
!!and!1.75mm!respectively,!or!a!10%!increase!from!one!year!to!the!next.!!The!length!of!the!growing!season!in!this!case!was!determined!from!the!actual!planting!date,!to!the!harvest!date!each!year.!!2011!saw!a!growing!season!of!125!days,!while!2012!experienced!a!longer!growing!season!of!186!days!due!to!better!planting!conditions!in!the!early!season.!!!A!tAtest!comparing!the!means!daily!evapotranspiration!of!the!years!was!performed!to!analyze!the!potential!difference!between!years;!results!are!shown!in!Table!29.!!
Table!29:!TAtest!of!evapotranspiration!values!between!the!two!study!years!2011!and!2012!
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!
Figure!71!(Top):!2011!ETo!and!ETc!!!!!!!!!!!!!!!Figure!72!(Bottom):!2012!ETo!and!ETc!
(
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! The!pAvalue!of!0.06!suggests!!that!the!daily!means!are!not!significantly!different!between!years!despite!the!variation!in!growing!season!length!and!crop!type.!!The!2012!growing!season!was!48%!longer!than!2011,!while!the!difference!between!the!years’!total!evaporative!loss!was!65%!(40%!difference!in!growing!season!ETc).!A!significant!difference!between!years!due!to!the!crop!type!and!meteorological!characteristics!observed!during!this!time!(see!Chapter!4).!!! Different!crop!types!on!the!fields!for!the!2011!and!2012!seasons!resulted!in!a!noticeable!difference!in!the!maximum!values!of!evapotranspiration.!In!2011!(soy!bean!crop!cover)!had!a!maximum!of!3.3!mm!dA1,!while!2012!(corn!crop!cover)!saw!a!maximum!of!4.1!mm!dA1.!!Influences!of!specific!meteorological!parameters!on!ET!rates!(net!radiation,!temperature,!wind!speed)!are!significant.!!!As!such,!an!upward!trend!in!evapotranspiration!values!can!be!noted!from!early!spring!(Julian!day!110!in!2011;!and!as!early!as!JD!60!in!2012).!!The!presence!of!bare!soil!at!the!beginning!of!the!spring!season!causes!rapid!evaporation!rates!from!the!upper!soil!layers,!but!is!rapidly!depleted!if!not!replenished!by!rainfall.!!Once!crops!are!present!on!the!fields,!noticeable!increases!in!evapotranspiration!rates!begin!in!both!years.!!! Yearly!ETc!totals!for!2011!(April!21st!–!December!31st)!were!288.86!mm!and!364mm!for!2012!(April!21st!–!December!31st),!(full!year:!Jan!1st!–!Dec!31st!2011:!319.26mm1;!397.13mm!2012),!respectively.!The!large!degree!of!temperature!variability!during!the!winter!months!in!2011!and!2012!contributed!to!differences!in!ET!between!years!and!added!to!the!amount!of!water!loss!prior!to!planting.!!Adjustments!for!crop!type!and!stage!growth!results!in!noticeably!reduced!ET!values!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1!Incorporating!ETc!from!winter!months!missing!dates;!Jan!1st!–!April!20th!2011!from!2012!data!
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during!the!early!season,!as!there!is!limited!leaf!area,!crop!type!and!exposed!surface!as!opposed!to!the!grass!reference.!!The!differences!in!yearly!planting!dates!resulted!in!the!ETc!that!was!40%!of!that!of!ETo!(grass!reference).!!Similarly!in!2012,!this!resulted!in!the!ETc!being!30%!of!the!ETo.!! ET!measurements!on!a!daily!timescale!will!be!incorporated!into!the!water!balance!calculations!(chapter!8)!for!field!efficiencies!including!tile!drainage!(QTile),!and!precipitation!(P).!!
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Chapter(8(Water(Balance(
(
8.1(Introduction(to(the(Water(Balance((
( This!chapter!addresses!the!calculation!and!analysis!of!the!water!balance!for!the!year!2011!at!McIntosh!farm!comparing!and!contrasting!the!three!tillage!methods:!field!A!(CT),!9509.76m2;!field!B!(NT)!8077.2m2;!and!field!C!(MT)!7467.7m2.!!The!water!balance!refers!to!the!balance!between!the!water!input!into!a!system!from!precipitation!(P)!or!snowmelt!(SM)!to!the!outflow!of!water!by!evapotranspiration!(ET),!groundwater!discharge!(GW)!and!tile!discharge!(Q)!(Dunne!&!Leopold.,!1978).!!The!water!balance!is!used!to!identify!change!in!field!storage!capabilities!and!can!be!used!on!various!timescales.!!In!agricultural!studies,!it!is!often!useful!to!address!the!growing!seasons!separately,!as!crop!dynamics!will!alter!field!conditions.!SiteVspecific!details!including!planting!dates,!crop!type!and!field!conditions!create!individual!water!balance!calculations.!!The!understanding!of!changes!in!storage!(∆S)!is!essential!to!addressing!best!agricultural!management!practices.!!Therefore,!the!analysis!of!the!individual!tillage!treatments!aids!in!this!endeavor!and!is!explored!further!in!this!chapter.!!!!Parameters!identified!in!previous!chapters!(precipitation,!snowmelt;!Chapters!4!and!5);!tile!discharge!(Q!–!Chapter!5),!and!evapotranspiration!(ETc!–!Chapter!7)!are!incorporated!into!the!calculation!and!analysis!of!the!water!balance!in!this!chapter.!!Calculations!of!field!scale!hydraulic!conductivity!(k)!and!groundwater!discharging!from!the!treatment!fields!(GW)!are!initially!made!in!order!to!establish!additional!components!of!field!scale!water!movement.!!(
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The!ability!to!understand!water!balance!components!on!both!an!eventVtoVevent!and!a!yearly!basis!provides!valuable!information!for!farmers.!!Understanding!how!tillage!practices!impact!field!scale!hydrological!budgets!is!especially!important!because!growing!season!water!deficits!are!expected!to!double!in!some!parts!of!southwestern!Ontario!by!the!latter!half!of!this!century!(Sanderson!and!Smith,!1990).!!This!may!make!major!field!crops!such!as!corn,!soybean!and!wheat,!uneconomic!without!some!form!of!irrigation!(Viau!&!Mitic,!1992;!Bryant,!2000).!Evidence!of!these!conditions!have!already!been!seen!in!Essex!County!(southwestern!Ontario)!in!2001!and!2002.!!Here,!irrigation!trials!showed!that!corn!and!soybean!yields!in!2001!and!2002!were!≤50%!of!their!productivity!due!to!large!water!deficits!(210!mm!in!2001,!270!mm!in!2002)!(Tan!&!Reynolds!2003).!!Agricultural!practices!will!need!to!evolve!to!accommodate!and!mitigate!the!increasingly!negative!effects!of!crop!water!deficits!in!the!region.!This!optimization!could!lead!to!minimizing!nutrient!transportation!to!freshwater!systems.!!!Additionally,!it!will!assist!in!enabling!more!accurate!predictions!of!water!shortage!periods!by!defining!temporal!patterns!of!both!surplus!and!deficit!moisture!availability!in!the!unsaturated!zone.!!Conducting!this!water!budget!has!two!primary!objectives;!!!! i) To!identify!and!analyze!variations!in!water!retention!capabilities!of!the!various!tillage!methods!(NT,!MT,!CT)!carried!out!at!McIntosh!Farm;!and!ii) To!identify!and!understand!the!temporal!patterns!associated!with!optimal!growth!conditions,!this!study!examines!annual!and!eventVtoVevent!mas!balance!patterns.!!
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Backpressure!events!have!been!shown!to!cause!delayed!drainage!(Section!5.1).!These!events!are!also!thought!to!increase!the!periods!during!which!soils!experience!reduced!oxygen!or!anaerobic!conditions.!!These!conditions,!if!prevalent!during!the!growing!season,!can!reduce!crop!root!growth,!and,!consequently!crop!productivity.!!Reductions!in!crop!productivity!signal!the!importance!of!appropriate!drainage!mechanisms!and!management!practices!utilized!for!achieving!optimal!growth!conditions!on!the!fields.!!For!2011,!the!field!experienced!greater!than!average!monthly!precipitation!when!compared!to!the!historical!30Vyr!mean.!!May!experienced!89.1mm;!108.4%!above!long!term!monthly!mean,!Sept!(124.2mm:!119%),!Oct!(110.5mm:!139.5%),!Nov!(107.5mm:!135.6%)!&!Dec!(82.1mm:!174.7%).!!The!summer!season!(June!to!August)!experienced!reduced!precipitation!(186.7!total!for!2011!to!250.8mm!average,!or!74%!of!the!average)!with!the!majority!of!the!precipitation!occurring!in!events!that!were!>10mm:!75%,!50%,!85%!for!June,!July!and!August!respectively!(Environment!Canada,!2011).!!Such!seasonal!differences!and!hydrologic!inputs!(rainfall!and!snowmelt)!to!the!field,!allow!us!to!separate!the!conditions!into:!wet!(above!average!precipitation),!medium!and!dry!!(below!average!precipitation).!Results!can!then!be!analyzed!based!on!the!observations!of!how!the!fields!responded!(Q!and!∆SM)!throughout!the!year.!!!A!portion!of!the!groundwater!export!from!each!field!bypasses!the!tiles!and!needs!to!be!accounted!for!(Figure!74).!
(
(
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8.2(Groundwater(discharge(from(treatment(fields(
( Measuring!the!movement!of!water!through!the!soil!profile!is!a!necessary!step!in!determining!the!contributions!of!water!to!the!tile!system;!better!understanding!of!the!rapidity!of!hydrograph!(tile)!response;!measuring!groundwater!flow,!and,!ultimately,!the!water!balance.!Traditional!hydraulic!conductivity!(k)!tests!(Guelph!permeameter,!slug!tests)!were!not!performed!on!the!field!site.!!Evaluation!of!k!using!the!Guelph!permeameter!provides!values!restricted!to!the!upper!~0.75m!and!given!the!heterogeneity!of!the!upper!soils,!is!spatially!variable.!!!To!determine!a!more!reflective!value!of!k!at!the!field!scale,!the!time!period!between!the!start!of!the!precipitation!or!melt!event!and!the!first!response!in!the!tile!drains!was!utilized.!!This!approach!is!holistic!and!incorporates!the!spatial!heterogeneity!of!each!entire!field,!and!includes!macropores!and!biopores!into!the!estimation!of!k.!!Depth!of!the!soil!column!(surface!to!tile,!1.1m)!was!used!for!calculation.!!This!was!done!to!compare!the!values!in!the!literature!and!to!determine!if!reasonable!estimates!could!be!calculated!given!the!limited!instrumentation!of!the!field!site.!!Several!assumptions!are!required!to!calculate!k!in!the!literature,!including!vertical!flow!from!the!surface!to!the!water!table,!and!homogenous!physical!soil!characteristics.!!Within!the!agricultural!setting!tile!drainage!has!the!capacity!to!expedite!drainage!through!soils!(Tan!et!al.!2007;!Macrae!et!al.,!2010)!thereby!impacting!the!natural!hydraulic!conductivity!rates!of!the!soils!(Gul!et!al.,!2011).!!Additionally,!the!inclusion!of!agricultural!drainage!tiles!in!the!system!increases!runoff!ratios!(volume!of!precipitation!leaving!the!system!through!tile!drainage!relative!to!incoming!precipitation)!compared!with!natural!systems!where!flow!to!surface!stream!is!
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primarily!by!natural!groundwater!flow!(Macrae!et!al.,!2010).!!With!no!bypass!system!engineered!to!circumvent!the!riparian!zone,!agriculture!source!nitrate!draining!from!agricultural!fields!is!largely!denitrified!or!taken!up!by!vegetation.!!Agricultural!tiles!bypass,!by!design,!and!reduce!the!effectiveness!of!riparian!zones!in!reducing!nitrate!contributions!to!streams!(Gul!et!al.,!2011).!!The!presence!of!macropores!in!the!system!also!has!a!marked!influence!on!the!hydraulic!conductivity!of!different!soils.!!Corresponding!increased!response!times!in!drainage!tiles,!with!limited!soil!moisture!change!appear!in!the!data!(Figure!16!&!17!–!chapter!3)!likely!indicating!notable,!natural!hydrological!bypass!mechanisms!in!the!upper!soil!layers.!!Previous!studies!have!shown!that!the!characterization!of!the!size!of!macropores!and!biopores!varies!widely!(Beven!&!Germann,!1982),!is!largely!dependent!on!physical!soil!characteristics!(Heppell!et!al.,!2002),!and!therefore!also!management!practice.!!No!till!treatments!are!shown!to!increase!organic!matter!and!soil!life!thereby!promoting!better!soil!structure!(OMAFRA.,!2011).!While!direct!measurements!of!macropores!were!not!implemented!due!to!it!not!being!feasible!to!complete!on!the!field!scale,!previous!studies!have!identified!expected!responses!of!agricultural!systems!with!similar!soil!types.!!In!addition!to!the!tile!system!contributing!to!faster!discharge!response!times!from!the!fields,!vertical!preferential!flow!pathways!(macropores!and!biopores),!have!been!reported!to!contribute!a!large!portion!of!flow!to!the!tile!system!(Tindall,!1999;!Brady,!2008;!Macrae,!2010;!GhanbarianVAlavijeh.,!2012).!!!These!direct!channels!have!the!potential!to!deliver!water!from!the!surface!to!depth!at!a!much!higher!rate!than!through!the!general!soil!matrix.!
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8.2.1(Hydraulic(conductivity((k)(Methods((! Vadose!zone!hydraulic!conductivity!is!integral!to!studying!water!flow!and!solute!transport!in!porous!media!(GhanbarianVAlavijeh!&!Hunt,!2012).!!Calculations!were!conducted!to!determine!the!amount!of!time!it!took!the!water!to!reach!the!water!table!and!initiate!a!response!in!the!tile.!!If!the!water!table!is!below!the!tiles,!response!times!may!be!underestimated!because!the!calculation!not!only!accounts!for!depth!to!water!table,!but!also!rise!to!tile.!!The!depth!to!the!water!table!at!field!B!(NT),!and!the!depth!to!the!tiles!at!all!fields!are!known.!With!the!known!time!of!precipitation!onset,!as!well!as!the!known!response!and!peak!time!within!the!hydrograph,!this!can!be!converted!to!a!fieldVscale!hydraulic!conductivity!for!use!in!analysis!of!flow!response!times.!! As!an!example!of!this!method!two!tile!discharge!events!were!selected;!June!7th!2011!and!March!12th!2012!(Figure!73!(a!&!b)).!!The!storm!event!of!June!7h!2011!was!identified!for!analysis!because!there!was!a!significant!amount!of!time!prior!to!the!event!for!baseflow!identification.!!There!was!also!a!significant!period!of!time!after!the!storm!event!for!flow!to!return!to!baseflow.!!Precipitation!began!at!03:00am!with!a!shown!response!in!the!hydrograph!at!03:50am.!!The!water!table!depth!was!determined!to!be!at!1.6m!below!the!surface.!!The!hydraulic!conductivity!was!calculated!to!be!3.6x10V2!(cm!sV1),!which!is!considered!to!be!a!greater!rate!than!usually!expected.!!Typical!ranges!for!clay!rich!soils!are!from!10V10V10V4!cm!sV1!(Freeze!and!Cherry!1979;!Dingman!1994;!Sanders!1998)!and!for!glacial!till!10V10V10V4!cm!sV1!(Freeze!and!Cherry!1979).!!As!several!assumptions!have!been!made!in!the!calculation!of!hydraulic!conductivity,!any!chosen!value!could!be!off!by!several!
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orders!of!magnitude!due!to!several!factors.!!These!factors!include:!the!addition!of!tile!drains,!which!expedite!drainage;!the!presence!of!macropores!and!biopores,!which!are!noted!to!be!prevalent!in!NT!conditions;!the!intensity!of!the!rainfall!events!analyzed;!and!the!presence!of!crop!cover.!For!example,!analysis!of!the!March!12th!2012!event!(Figure!73!(b)),!when!the!water!table!(measured!at!field!B!V!within!2m!of!weir!box)!was!at!42.5cm!from!the!surface!(March!12th!22:00),!and!precipitation!started!at!22:00!March!12th,!the!shown!response!in!tiles!A!(CT)!and!B!(NT)!were!+1hr,!with!field!C!(MT)!+2hr.!!In!this!case,!k!was!shown!to!be!1.1x10V2cm!sV1.!This!demonstrated!even!slower!response!rates!from!that!shown!on!June!7th!2011.!!Since!rainfall!is!assumed!to!be!uniform!over!the!entire!field,!the!timing!of!the!first!hydrograph!response!is!directly!related!to!the!area!of!soil!within!the!closest!proximity!to!each!respective!weir!box.!Calculations!at!various!points!along!the!hydrograph!demonstrate!the!sensitivity!of!hydraulic!conductivity!values!to!various!time!steps!by!slowing!or!increasing,!the!rate!of!response!based!on!the!perceived!inflection!point.!As!noted!in!Section!5.1!the!tile!system!presents!a!limitation!on!flow.!!!
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A!closer!representation!of!the!realistic!flow!through!the!tiles!was!created!in!Chapter!5!though!synthetic!hydrograph!modification!as!tile!diameter!restrictions!on!total!flow!were!realized.!!It!has!been!determined!that!the!maximum!capacity!of!this!particular!agricultural!tile!is!restricted!to!3.09L/s!(Field!A),!2.99!L/s!(Field!B),!2.84L/s!(Field!C),!as!the!4”!diameters!maximum!carrying!capacity!through!use!of!Manning’s!equation!(see!Section!5.1).!!!This!presents!a!problem!with!flow!within!the!system!as!it!has!been!determined!that!the!backpressure!greatly!affects!the!hydrograph!itself,!as!discussed!above.!!Because!of!the!backpressure!issue,!nonV
Figure!73!(a!&!b):!!Test!dates!for!Hydraulic!conductivity!of!fields,!precipitation!and!hydrograph!response!rates!
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backpressure!events!were!solely!used!for!determination!of!hydraulic!conductivity.!!!
(
8.2.2(Groundwater(discharge(calculation(methods((
( Determining!of!k!from!the!field!scale!calculations!enables!us!to!utilize!a!representative!value!of!k!for!the!McIntosh!site!in!the!calculation!of!groundwater!loss!from!monitored!fields!above!the!tiles.!!The!unsaturated!zone!is!naturally!heterogeneous,!and,!as!depth!increases,!there!is!a!corresponding!reduction!of!k!as!well!as!a!reduction!in!macropores!and!biopores.!!The!result!leads!to!matrix!flow!being!more!representative!in!the!deeper!zones,!below!the!tiles,!where!k!is!much!lower.!!!Hydraulic!conductivity!ranges!determined!from!literature!were!initially!selected!for!use!in!calculation!and!range!from!10V4!V!10V9!cm!sV1.!This!literature!assumes!matrix!flow!and!therefore!is!demonstrating!a!much!slower!flow!rate!than!the!field!scale!measurements!from!Section!8.2.1!that!take!into!account!macropores!and!biopores.!!If!the!hydraulic!conductivity!values!for!the!field!measurements!were!utilized!(3.6x10V2!(cm!sV1);!1.1x10V2cm!sV1)!in!the!groundwater!calculations!the!upper!section!of!the!groundwater!calculation!would!see!an!increase!in!daily!discharge!by!82.5%.!!This!is!significant!when!examining!the!nutrient!losses!from!agricultural!fields!as!values!from!literature!do!not!incorporate!preferential!flow!pathways!and!therefore!would!grossly!underestimate!contributions!to!groundwater.!!Although!tiles!effectively!remove!excess!water!from!the!unsaturated!zone,!there!remains!strong!potential!for!groundwater!flow!to!bypass!the!tiles!through!the!phreatic!zone.!Some!of!this!water!eventually!discharges!as!surface!water!in!the!drainage!culvert!(~220m)!downslope!of!the!weir!boxes.!!This!has!implications!for!
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understanding!the!field’s!hydrologic!efficiency!(Q/P!ratio),!as!identified!in!Section!7.1,!and!the!water!balance.!!Essentially,!the!tile!discharge!represents!a!fraction!of!the!total!field!groundwater!flow!(see!Figure!74).!!By!utilizing!Darcy’s!equation!we!are!able!to!calculate!the!potential!bypass!of!the!tiles!during!any!precipitation!or!melt!event!for!each!field.!
Equation!8.1!
Q = kia !!!where:!!
Q!V!flow!in!m3!dayV1!
k!V!hydraulic!conductivity!of!each!defined!soil!layer!
i$V!slope!of!the!field,!identified!through!survey!analysis!and!utilization!of!Google!Earth!for!areas!outside!of!the!surveyed!area!–!these!values!were!checked!against!the!topographic!survey!data!gathered!(Figure!7)!from!the!site!and!were!determined!to!be!accurate.!
a!V!cross!sectional!area,!identified!by!width!of!each!field!and!the!depth!of!each!soil!layer!to!the!water!table.!!! The!use!of!Darcy’s!equation!has!limitations.!!It!has!been!noted!that!within!any!particular!system,!the!heterogeneity!of!the!subsurface!can!lead!to!significant!variability!of!hydraulic!conductivity!and!less!so!for!the!hydraulic!gradient!(Freeze!and!Cherry!1979).!!The!effect!of!macropores!or!preferential!flow!pathways!are!not!considered!in!the!‘referenced’!k!values!from!literature!because!they!are!usually!determined!from!laboratory!permeameters.!This!would!lead!to!the!underestimation!of!flow!during!storm!events!as!in!the!natural!agricultural!system;!where!macropores!and!biopores!are!a!reality.!!The!spatial!heterogeneity!identified!in!Chapters!2!&!3!produces!uncertainty!with!any!groundwater!calculations.!!Barring!intensive!instrumentation,!which!is!not!possible!on!agricultural!fields,!necessary!assumptions!are!required.!!These!include!
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vertical!flow!to!a!set!point!prior!to!lateral!flow!along!a!set!path!towards!the!field’s!low!point!from!each!field’s!weir!location.!!The!fields!respond!differently!under!various!AHCs.!!Generally,!under!wet!conditions,!the!difference!between!precipitation!initiation!and!response!in!the!hydrograph!(at!the!weir)!is!shorter!and!generally!greater!when!the!field!conditions!are!drier!and!storage!is!low.!!Therefore,!the!AHCs!have!a!significant!role!in!determining!field!k.!!!!!!!!! Identifying!the!boundary!conditions!for!determining!groundwater!flow!is!integral!to!the!understanding!of!each!of!the!field’s!contributions!in!relation!to!their!tile!discharge!values.!Figure!75$identifies!the!layout!of!the!fields,!surface!topography!and!perceived!direction!of!groundwater!flow!towards!the!topographic!low!point!of!the!entire!field!(identified!by!arrows).!!The!soil/till!strata!of!~0!to!2.0m!is!represented!as!the!first!section!(QG1)!for!analysis.!!A!depth!of!2.0m!–!4.0!m!is!identified!as!QG2,!and!QG3!is!the!deepest!depth!4.1!–!8.0m!below!surface.!!The!hydraulic!conductivity!usually!decreases!with!depth!in!soils/tills!of!this!nature!(Freeze!and!Cherry!1979),!due!to!compaction,!and!the!reduction!in!biopores!
Figure!74:!!Set!up!of!field!parameters!for!groundwater!discharge!
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and!macropores!in!the!soil!profile.!Data!from!the!study!site!indicates!an!increasing!proportion!of!clay!with!increasing!depth!(up!to!1m!below!surface)!and!supports!this!understanding.!!Slope,!hydraulic!conductivity!and!field!area!utilized!for!the!study!are!shown!in$Table!33.!!By!using!an!average!slope!of!the!each!study!field,!determined!through!site!survey!(Chapter!2,!Figure!7),!and!including!the!area!downslope!of!the!weir!locations!in!the!calculation!of!groundwater,!there!is!potential!for!misinterpretation!of!results!as!slope!varies.!!An!increase!of!the!hydraulic!gradient!would!effectively!increase!the!amount!of!groundwater!flow.!!Therefore,!several!scenarios!of!‘optimal’!and!‘less!than!ideal’!conditions!are!taken!into!account!to!demonstrate!the!sensitivity!with!the!alteration!of!the!gradient!and!hydraulic!conductivity!parameters.!!!The!greatest!contributions!to!the!groundwater!flow!are!occurring!within!the!primary!QG1.!!This!zone!consists!of!the!root!zone!above!the!tile!lines!(depth!of!~!1.1m)!and!is!also!the!deepest!TDR!probe!measurement!(~0.77m).!!Measurements!of!soil!moisture!(Chapter!3)!and!tile!discharge!(Chapter!5)!within!this!zone!provide!further!confidence!that!this!zone!is!contributing!the!most!to!groundwater!flow.!!!Below!that!zone,!calculations!were!conducted!for!each!field!to!a!depth!of!~3.0m!(QG2)!and!~!7.0m!(QG3).!!This!flow!was!0.01!–!1.1%!of!the!flow!occurring!in!QG1!and!QG2!due!to!the!reductions!in!hydraulic!conductivity!in!these!zones.!!Additionally,!the!possibility!of!upwelling!(the!movement!of!water!into!the!tiles!from!greater!depths,!rather!than!from!above)!at!these!depths!would!effectively!reduce!the!gradient,!and!further!complicate!measurements!of!groundwater!contributions!to!overall!flow.!!Upper!groundwater!flow!areas!are!divided!into!two!separate!sections!(2m!each).!
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This!addresses!the!issue!of!variance!in!the!hydraulic!conductivity!with!depth!as!the!physical!soil!characteristics!are!noted!to!be!different!(Chapter!3).!!As!the!soils!at!McIntosh!were!determined!to!have!high!clay!contents!(+60%),!a!clay/clay!loam!soil!type!was!identified!as!the!appropriate!range!for!determining!hydraulic!conductivity!(k).!!The!appropriate!values!selected!from!literature!ranged!from!10V4!V!10V10!cm!sV1.!!This!is!noted!further!in!Table!33.!!As!the!soil!moisture!content!of!the!soil!profile!increases,!the!hydraulic!conductivity!will!also!increase!(Dunne!&!Leopold.,!1978),!until!a!constant!k!value!can!be!used!because!the!field!is!under!saturation!conditions.!!It!should!therefore!be!expected!that!under!wet!AHCs!
Figure!75:!Full!field!and!direction!of!groundwater!flow!based!on!topographic!analysis!of!the!field!
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the!fields!might!be!contributing!a!substantially!greater!volume!of!flow!earlier!in!the!storm!event.!!Clearly!defining!each!of!the!multiple!sections!for!which!the!groundwater!is!analyzed,!and!adjusting!parameters!such!as!k!and!i$for!each,!we!are!recognizing!the!heterogeneity!within!the!system!and!therefore!allowing!for!a!closer!representation!of!reality.!!
!
!
Field&A&(CT)
width&(m) depth&(m) k&(m/s) I&(%&grade) Q&m^3/s Q&m^3/24hr
%&of&flow&
Qg3&to&
others Total&(m^3&dayA1)
Qg1 18.29 2 1.0E*04 0.0063 2.3E*05 2.01
Qg2 18.29 2 1.0E*06 0.0063 2.3E*07 0.02 Qg1+Qg2+Qg3(i) 2.07
Qg34(i) 18.29 4 1.0E*06 0.0063 4.6E*07 0.04 1.98% Qg1+Qg2+Qg3(ii) 2.03
(ii) 18.29 4 1.0E*08 0.0063 4.6E*09 0.00 0.02%
Field&B&(NT)
width&(m) depth&(m) k&(m/s) I&(%&grade) Q&m^3/s Q&m^3/24hr Total&(m^3&dayA1)
Qg1 15.24 2 1.0E*04 0.0057 0.00 1.50
Qg2 15.24 2 1.0E*06 0.0057 0.00 0.01 Qg1+Qg2+Qg3(i) 1.54
Qg34(i) 15.24 4 1.0E*06 0.0057 0.00 0.03 1.98% Qg1+Qg2+Qg3(ii) 1.52
(ii) 15.24 4 1.0E*08 0.0057 0.00 0.00 0.02%
Field&C&(MT)
width&(m) depth&(m) k&(m/s) I&(%&grade) Q&m^3/s Q&m^3/24hr Total&(m^3&dayA1)
Qg1 15.24 2 1.0E*04 0.0052 0.00 1.37
Qg2 15.24 2 1.0E*06 0.0052 0.00 0.01 Qg1+Qg2+Qg3(i) 1.41
Qg34(i) 15.24 4 1.0E*06 0.0052 0.00 0.03 1.98% Qg1+Qg2+Qg3(ii) 1.38
(ii) 15.24 4 1.0E*08 0.0052 0.00 0.00 0.02% !! Table!30:!!Identifying!boundary!conditions!for!groundwater!calculations,!and!the!results!for!the!calculation!of!ground!water!flow!using!Darcy's!equation!
Figure!76:!!Cross!section!representation!of!the!field.!Fields!B!(NT)!and!C!(MT)!are!identical!in!cross!section!except!for!the!tillage!practice!and!length!of!field.!
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! The!daily!groundwater!flow!values!varied!from!fieldVtoVfield!and!are!based!largely!on!the!variance!in!hydraulic!gradient!and!area.!!To!demonstrate!sensitivity!to!the!identified!range!of!hydraulic!conductivities!and!gradients’,!‘optimal’!conditions!were!set!up.!!The!hydraulic!gradients!were!adjusted!to!the!maximum!determined!by!field!surveys!(Chapter!2),!and!the!hydraulic!conductivities!were!adjusted!to!demonstrate!the!fastest!possible!movement!believed!to!occur!within!the!fields.!!!The!range!of!values!identified!by!literature!support!the!upper!and!lower!limits!of!what!is!typically!seen!in!this!soil!type.!!By!identifying!and!calculating!the!groundwater!flow!within!this!range!we!are!identifying!the!potential!range!of!groundwater!flow!demonstrated!at!this!field!site.!!!The!results!of!these!adjusted!calculations!to!determine!potential!range!of!groundwater!contributions!showed!values!10x!greater!under!‘optimal’!conditions!than!under!‘average’!conditions.!!Under!conditions!that!were!potentially!drier,!and!the!hydraulic!gradient!was!less,!the!values!were!10x!less!than!those!seen!under!‘average’!conditions.!!
( 8.2.1.1(Sensitivity(Analysis(of(flow(within(the(system$! Groundwater!contributions!are!determined!to!be!from!the!end!of!the!particular!event!to!the!beginning!of!the!next!and!as!such!are!highly!time!sensitive.!The!proportion!of!calculated!groundwater!loss!from!the!fields!to!total!gauged!tile!discharge!from!each!event!had!minimal!impact!on!overall!calculations!(Figure!77).!!The!groundwater!contributions!are!determined!to!be!from!the!end!of!the!particular!event!to!the!beginning!of!the!next!and!as!such!are!highly!time!sensitive.!!Results!
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showed!that!the!groundwater!contributions!to!overall!event!flow!are!typically!<10%!of!the!discharge!from!the!tiles!under!‘average’!conditions.!!Under!less!than!ideal!conditions!where!the!hydraulic!conductivity!and!gradients!are!reduced,!and!slower,!that!value!is!<1%!(Table!30).!!The!inclusion!of!values!for!daily!groundwater!discharge!from!the!fields!were!incorporated!into!each!field’s!basin!efficiency!(Q/P)!and!analyzed!as!an!additional!component!of!discharge!for!each!event.!!Because!of!this,!the!Q/P!ratio!values!were!increased,!although!only!slightly!depending!on!the!length!of!time!between!events!to!allow!for!groundwater!flow.!!!Figure!77!demonstrates!the!relative!magnitude!of!groundwater!flow!relative!to!the!tile!flow!from!a!sample!of!events!across!the!three!fields!at!McIntosh!farm.!!! !!!!!
Identification!of!the!volume!of!discharge!from!the!tiles!and!associated!corrected!total!volumes!are!shown!in!Table!31!with!baseflow!removed!(see!Section!6.3)!for!the!period!of!February!2011V!June!2012.!!!As!expected,!the!total!amount!of!flow!occurring!through!each!field!is!a!function!of!its!total!area.!!This!is!noted!after!the!backpressure!corrections!have!been!applied!as!field!C!(MT)!is!shown!to!have!the!
Figure!77:!!Proportion!of!Groundwater!loss!to!tile!discharge!(m3)!from!the!monitored!fields!(A,!CT;!B,!NT;!C,!MT).!Measured!from!the!end!of!the!event,!to!the!proceeding!event!start.!!Numbers!below!each!field!letter!indicate!the!event!number!in!the!dataset.!
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least!amount!of!flow.!!This!correlates!with!the!ratios!of!nonVbackpressure!events!analysis!(Figures!48!and!49)!as!well!as!the!area!comparisons!of!the!field!(Figure!7).!!!!
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8.3(Methods(for(Water(Balance(Calculation(!! The!water!balance!calculation!incorporated!daily!inputs!(Precipitation!/!Snowmelt!–!mm!dayV1)!and!daily!outputs!(Discharge,!Q!(L/s);!converted!to!mm!day1);!ETc!(mm!dayV1)!(FAO!PM56!method,!Chapter!7)!and!the!change!in!storage!within!the!soil!(%VWC!probe!measurement;!converted!to!mm).!!Precipitation!(P),!discharge!!(Q)!and!soil!moisture!were!measured!at!30min!intervals!and!provided!a!detailed!description!of!inputs,!outputs!and!soil!moisture!field!conditions!over!time!throughout!the!study!period.!!The!ETc!was!calculated!(Chapter!7)!and!change!in!soil!moisture!is!measured!from!inVsitu!instrumentation!and!are!considered!to!be!accurate,!however!several!assumptions!are!made!in!their!calculations!that!may!lead!to!sources!of!error.!!These!are!identified!in!the!Meteorology!(Chapter!4),!Hydrology!(Chapter!5)!and!Soil!Moisture!(Chapter!3)!chapters!respectively.!!Setup!of!the!water!balance!followed!methods!outlined!by!Dunne!&!Leopold,!(1978)!and!Dingman,!(1994),!utilizing!water!inputs,!field!outputs!and!change!in!
Table!31:!Flow!volumes!though!the!individual!fields!tiles.!Field!A!(CT),!Field!B!(NT)!and!Field!C!(MT).!!!Corrected!values!are!based!off!methods!identified!in!the!backpressure!correction!section!(5.4)!as!related!to!nonVbackpressure!event!flow!through!the!same!period.!!ETc!calculation!was!determined!for!the!same!time!period!!to!represent!47%!of!incoming!precipitation!(rainfall)!!
! 238!
storage.!!Lateral!groundwater!inputs!from!adjacent!fields!were,!due!to!low!gradients,!assumed!to!be!very!minimal.!!It!is!possible!that!some!overland!flow!and!lateral!flow!between!fields!occurs!under!wet!AHCs.!!Overland!and!lateral!flow!may!also!be!occurring!under!very!dry!conditions!when!no!crop!cover!is!present!due!to!the!slight!gradient!evident!in!Figure$6!(Chapter!2).!!General!guidelines!for!a!water!balance!are!that!the!inputs!(Precipitation,!Irrigation)!must!equal!the!outputs!(ET,!Q!from!tile),!with!the!remainder!regarded!as!the!change!in!storage!within!the!system.!!The!water!balance!was!calculated!from!the!mass!conservation!equation:!! Equation!8.2!
ΔS = R+ I −D− AET !!Where is!the!change!in!storage;!R!is!Rainfall!(m3),!I!is!Irrigation,!which!was!nil!for!this!study;!D!is!drainage,!or!the!discharge!from!the!tiles!(Q!V!m3);!AET,!actual!evapotranspiration!represented!as!ETc!in!this!study!was!calculated!from!the!FAO!PM56!method!(m3!Chapter!7).!!The!modified!equation,!without!Irrigation!inputs!is:!! Equation!8.3!
ΔS = R−D− AET !!! Based!on!inVdepth!analysis!of!field!characteristics,!we!can!designate!a!starting!point!from!which!the!water!balance!would!be!carried!out.!!April!15th!2011!was!chosen!as!the!initiation!point!for!the!water!balance!calculations!because!it!preceded!the!start!of!the!growing!season!and!all!available!instrumentation!was!set!up!and!functioning.!!
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!Field!boundary!conditions,!including:!soil!moisture!(TDR,!VWC%)!and!soil!physical!properties!are!essential!for!determining!groundwater!discharge.!TDR!(VWC%)!measurements!(Chapter!3)!provide!a!temporally!detailed!account!of!soil!profile!response!to!precipitation!events.!!!Limitations!arise!when!assuming!that!the!TDR!probes!are!representative!of!the!entire!field!however;!this!is!addressed!in!Sections,!3.8;!3.9!and!3.10.!!Soil!moisture!transects!comparative!analysis!to!TDR!measurements!revealed!potential!underestimation!of!TDR!%!VWC!by!upwards!of!25%!(Chapter!3)!and!should!be!noted!as!a!potential!source!of!error.!!The!physical!soil!analysis!conducted!determined!minimal!variation!within!each!field!below!the!till!zone.!Bulk!density!differed!significantly!(p=0.028)!between!fields!A!(CT;!1.58!g/cm3!avg.)!and!B!(NT;!1.74!g/cm3!avg.)!as!well!as!between!fields!A!(CT)!and!C!(MT;!1.76!g/cm3!avg.)(p=<0.01)!within!the!A!horizon.!!Porosity!also!differed!significantly!between!fields!A!and!C!(p=0.017)!and!B!to!C!(p=<0.01).!!Identifying!antecedent!soil!moisture!conditions,!and!therefore!the!amount!of!storage!available!within!the!unsaturated!zone!above!the!tile!drains!is!integral!to!determining!the!water!balance.!!Therefore,!the!identification!of!precipitation!and!or!snowmelt!onset!from!the!MET!tower!isolated!the!time!just!prior!to!the!addition!of!moisture!to!the!system.!!This!aided!in!quantifying!hydrologic!response!times!between!fields!as!well!as!identifying!the!movement!of!the!wetting!front!through!the!soil!profile.!!Within!the!calculation!of!the!water!balance,!quantifying!the!unsaturated!zones!moisture!holding!capacity!under!gravity,!defined!as!field!capacity,!is!necessary!in!order!to!determine!storage.!Average!field!capacity!measured!from!lab!analysis!of!the!soils!ranges!from!38.7%!(Field!A,!horizon!A)!to!43.9%!(Field!B,!
! 240!
horizon!A)!and!32.8%!(Field!C,!horizon!A).!These!all!differ!significantly!(p=0.02!A:B;!p=<0.01!A:C!&!B:C),!which!is!consistent!with!variability!reported!for!similar!soils!in!southern!Ontario!(Reynolds!et!al.!2002).!!In!order!to!determine!an!starting!vadose!zone!moisture!content!for!the!water!balance!calculation,!weighted!averages!of!water!content!were!determined!based!on!total!soil!layer!depth!and!volumetric!water!content!at!that!depth,!determined!from!the!TDR!probes.!The!average!weighted!field!capacities!were!also!calculated!by!analyzing!the!depth!of!each!soil!layer!and!the!associated!TDR!probes!above!the!tile.!!Average!weighted!means!for!the!study!period!for!volumetric!water!content!(%)!were!26.8%!(Field!A),!30.8%!(Field!B).!!Average!VWC!(%)!in!the!upper!horizons!varied!much!less!with!an!average!of!26.8%!(Field!A!–!17cm)!and!24.4%!(Field!B!–!22cm).!Range!was!13%!(Field!B,!Horizon!A)!to!44%!(Field!A,!Horizon!A)!throughout!the!study!period.!!Soil!moisture!was!calculated!as!a!proportion!of!each!horizon!depth!(A,!B,!C).!!In!comparison,!the!weighted!field!capacities!of!the!laboratory!analysis!were!determined!to!be!41%!by!volume.!!The!different!measurement!techniques!(soil!core!analysis,!TDR!analysis)!provide!sources!of!error!and!each!option!is!explored!and!compared!when!calculating!the!water!balance!to!demonstrate!the!differences!generated,!and!the!sensitivity!of!water!balance!measurements!to!field!versus!laboratory!determined!field!capacity.!!!! Tabulated!representation!of!a!simple!water!balance!was!initially!set!up!for!analysis!of!the!amount!of!measured!incoming!(precipitation)!compared!to!measured!outputs!from!the!fields!(Q,!ETc).!!By!selecting!a!starting!soil!moisture!value!(VWC,!%!V!converted!to!mm)!for!comparative!analysis!from!the!in$situ!measured!TDR!probes,!it!is!possible!to!determine!the!amount!of!available!storage!capacity!within!the!
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vadose!zone.!!This!was!calculated!by!subtracting!the!total!amount!within!the!system!at!that!time!(%!V!mm),!by!the!field!capacity.!!Assuming!matrix!flow,!the!amount!of!potential!storage!would!need!to!be!satisfied!in!the!unsaturated!zone!prior!to!a!response!in!the!tiles!being!registered.!!It!is!generally!accepted!that!the!vadose!zone!being!saturated!prior!to!flow!is!not!the!case.!!This!is!due!to!the!preferential!infiltration!attributed!in!part!due!to!topographical!irregularities!and!biopores!and!macropores!(e.g.!cracks!during!dry!periods).!!This!was!demonstrated!earlier!when!assessing!k!in!the!monitored!fields!(Section!8.2).!!Tile!response!has!been!known!to!show!even!after!dry!AHCs!under!certain!scenarios.!!Such!was!the!case!at!the!McIntosh!field!site,!(e.g.!June!22V23rd!2011,!see!Chapter!6).!!This!is!believed!to!be!the!result!of!soil!surface!preferential!infiltration!and!macropore/biopores!drainage.!!These!conduits!can!expedite!the!flow!of!water!to!depth,!effectively!bypassing!a!significant!portion!of!the!soil!mass.!!A!study!was!conducted!by!Reynolds!et!al.!(2002),!!of!a!Brookston!Clay!Loam!in!Woodslee!Ontario!(42!13’N,!82!44’W),!~!210km!SW!from!the!McIntosh!farm,!where!soil!cores!underwent!similar!laboratory!treatments!to!those!used!for!this!study.!!!Porosity!of!macropores!(pores!with!diameters!≥300µm)!were!found!to!be!0.054!m3!mV3!!(NT)!and!0.032!m3!mV3!!(CT)!compared!with!a!determined!matrix!porosity!of!0.417m3!mV3!!(NT)!and!0.465!m3!mV3!(CT).!This!reduction!in!gross!porosity!contributes!significantly!to!a!reduction!in!the!entire!fields!FC,!thereby!significantly!contributing!to!flow!toward!tiles.!!However,!the!presence!of!macropores,!and!preferential!flow!pathways!are!usually!not!evident!from!core!analysis.!!This!could!be!caused!by!compaction!during!the!core!removal,!or!simply!because!the!random!sampling!points!were!not!fully!able!to!capture!the!
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presence!of!such!preferential!flow!pathways!for!analysis.!!Therefore,!it!should!be!noted!that!macropores!within!the!system!have!the!potential!to!be!sources!of!error!as!augmented!flow!volumes!under!certain!conditions!may!be!caused.!! !The!Perth!clay!loam!at!McIntosh!farms,!(clay!contents:!+60%)!also!lends!itself!to!desiccation!cracking!in!the!upper!horizons!and!the!development!of!significant!macropore!networks!(PaasonenVkivekàs!and!Koivusalo,!1999;!Reynolds!et!al,.!2002;!MacDonald!et!al,.!2012).!!This!is!particularly!evident!on!fields!that!do!not!undergo!regular!tillage!schedules,!which,!cause!a!breakup!of!the!surface!material!and!disrupt!the!continuity!of!vertical!wormholes!and!other!preferential!flow!pathways!that!require!undisturbed!conditions!to!form.!!It!is!speculated!that!this!may!be!the!cause!of!differences!in!recorded!responses!among!the!three!tillage!treatment!fields,!regardless!of!the!volume!of!rainfall!or!snowmelt!for!any!particular!event!and!AHCs.!!The!study!conducted!by!Reynolds!et!al!(2002)!is!a!useful!point!of!reference!for!determining!the!general!characteristics!of!macroporosity!influence!on!flow!within!a!system!of!relatively!close!proximity.!!
(
8.4((Inclusion(of(“Field”(Field(Capacity(from(TDR(measurement(
(! Field!capacity!estimates!were!ascertained!using!two!techniques:!the!first,!using!soil!cores!extracted!from!the!study!site!in!fields!A,!B!and!C!horizons!and!the!second,!by!analysis!of!TDR!probes!(see!Section!3.6).!!Field!capacities!determined!using!the!TDR!probe!were!much!lower!than!the!lab!technique!using!small!core!samples.!!To!determine!the!individual!field!capacity!measurements!and!field’s!responses,!each!FC!%!(soil!core!method!and!TDR!method)!was!compared!to!
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discharge!volumes!throughout!the!entire!study!period!(figure!78).!!This!provides!a!source!for!identifying!a!threshold!volume!within!the!unsaturated!zone.!!When!daily!discharge!was!analyzed!against!the!TDR!measurements!in!the!field!at!both!41%!(soil!core!measurement)!and!30%!(TDR!measurement)!FC,!it!revealed!much!more!conclusive!results!as!to!when!it!could!be!expected!that!there!would!be!a!measureable!response!in!the!tiles.!!! For!the!analysis!of!both!methods!of!field!capacity!measurements,!as!the!amount!of!available!space!(storage)!in!the!soil!column!above!the!tile!(1m)!decreases,!it!is!evident!that!there!is!a!notable!increase!in!tile!Q!(mm/day).!!For!the!field!capacity!calculations!from!the!TDR!probes,!an!apparent!threshold!is!established!between!36!and!23mm!of!available!storage!space!(within!1m)!whereby!there!will!be!any!amount!of!discharge!on!that!given!day!(see!Figure!78).!The!same!holds!true!for!the!analysis!of!the!physical!soil!characteristics!derived!from!core!sampling.!!At!41%!by!volume!FC,!within!the!unsaturated!zone!there!is!much!higher!available!holding!capacity!compared!to!that!of!the!30%!by!volume!FC!from!the!weighted!soil!moisture!probe!analysis!(field!scale!field!capacity).!!This!analysis!demonstrates!the!variance!in!soil!moisture!holding!capacity!and!presents!further!complications!for!identification!of!timing!of!flow!response!from!a!rainfall!/!snowmelt!event.!!Flow!response!under!the!soil!core!analysis!FC!of!41%!by!volume!is!evident!at!143mm/1m,!indicating!a!difference!between!measurement!techniques!of!~106mm/m.!!Under!the!measurement!technique!conducted!through!TDR!measurements,!this!indicates!that!it!would!require!
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significantly!reduced!water!contributions!into!the!unsaturated!zone!to!reach!field!capacity!and!initiate!flow!response!in!the!tiles.!!
!
! !!! Both!the!FC!at!30%!(field)!and!41%!(soil!core)!by!volume!are!analyzed!separately!in!the!calculation!of!the!water!balance.!Within!the!TDR!measurement!analysis,!the!plateaus!(greatest!moisture!level!reached!for!prolonged!period!of!time)!of!the!deepest!probe!(76cm)!from!field!B,!which!was!identified!as!being!a!good!
Figure!78:!!Raw!flow!(nonVbaseflow!removed)!from!field!A!(CT)!related!to!the!various!field!capacities!determined!through!laboratory!analysis!(41%)!and!through!soil!moisture!probe!analysis!(30%).!Outlier!event!at!+75mm!(41%)!and!V42mm!(30%)!and!a!Q!of!!48mm!not!represented!on!this!graph.!
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indicator!of!field!capacity!values!(Section!3.6)!and!corresponded!well!with!the!ground!water!well!data!(Figure!62),!shows!a!correlation!with!discharge!from!the!tiles!and!thus!provides!further!confidence!in!these!measurements.!!
8.5(Water(Balance(Results(!! The!calculation!of!a!yearly!water!balance!was!initially!carried!out!to!analyze!the!differences!among!fields!under!the!three!tillage!practices.!!This!provided!an!overall!snapshot!of!the!systems!for!which!further!analysis!on!shorter!temporal!scales!could!be!carried!out.!!The!study!period!of!April!2011!to!the!end!of!April!2012!was!selected!because!of!data!availability!for!the!water!balance!calculation.!!!Due!to!the!spatial!homogeneity!of!precipitation!(mm)!and!ETc!(mm),!and!because!of!crop!similarities,!the!only!major!differences!among!the!three!fields!is!assumed!to!be!the!tillage!methods!(Chapter!3).!!Additionally,!it!has!been!noted!in!the!literature!that!there!is!no!significant!difference!between!evapotranspiration!estimates!among!tillage!methods!during!the!growing!season!(NT!&!CT)!(p!<0.05)!(Pelegrin!et!al.,!1990;!Tan!et!al.,!2002).!!Therefore,!changes!in!the!transfer!of!water!from!soil!surface!to!tile!as!a!result!of!tillage!practice!are!expected!among!fields.!!This!can!expressed!as!differences!in!mass!of!water!resulting!from!the!events!and!timing!of!water!reaching!the!tile.!!The!basic!set!up!of!a!water!balance!can!be!utilized!when!the!incoming!and!outgoing!flow!parameters!are!known.!!
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(Table!32:!Field!comparisons!of!the!amount!of!available!excess!measured!from!April!2011!to!the!end!of!April!2012.!!!!
(Table!33:!Field!comparisons!of!the!amount!of!available!excess!moisture!measured!from!April!2011!to!the!end!of!April!2012.!!Baseflow!had!been!removed!in!this!instance,!identifying!the!amount!of!discharge!(Q!Vmm)!from!storm!events!over!this!period.!! Moisture!above!maximum!storage!capacity!in!each!field!was!identified!over!the!study!period!after!baseflow!was!removed!from!total!flow,!and!synthetic!hydrograph!corrections!were!applied!to!backpressure!events!as!identified!in!Tables$32,!33$and!Figures!48!&!49.$!By!utilizing!the!synthesized!hydrograph!corrections!it!is!evident!that!similar!total!discharge!was!achieved!from!all!fields.!!Analysis!showed!that!field!C!(MT)!experienced!the!greatest!change!in!discharge!volume!from!the!hydrograph!modifications!(baseflow!subtraction!and!ratio!synthetic!correction).!!!!
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Analysis!was!carried!out!on!the!fields!and!events!when!there!was!no!baseflow!removal,!to!demonstrate!the!magnitude!to!which!baseflow!was!contributing!to!the!continual!removal!of!water!from!the!fields!and!how!this!effects!the!water!balance!calculation!!!!!!!!!!!!!!!!!! Results!from!the!longVterm!budget!revealed!few!differences!among!management!practices.!!When!analyzing!the!field!conditions!without!baseflow!
Figure!79:!Yearly!Water!Balance!April!2011!V!April!2012!without!(a)!and!with!(b)!baseflow!removed!from!tile!discharge.!!!
(a)$
(b)$
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removal!!(Figure!77!(a))(the!least!amount!of!water!available!above!maximum!storage!capacity!was!determined!to!occur!on!field!C!(MT).!!!
(
8.5.1((ShortOTerm(Water(Balance(
(
( In!order!to!better!comprehend!differences!among!tillage!practices!on!the!fields,!a!shortVterm!water!balance!was!carried!out.!!!Following!the!same!methodology!as!the!longVterm!water!balance,!a!daily!water!balance!calculation!was!completed.!!Analyzing!change!in!storage!on!this!time!scale!for!individual!events!was!completed!(see!Figure!80,!81!and!82).!!Quantifying!storage!was!accomplished!using!the!TDR!data!derived!from!the!data!records!at!both!field!A!(CT)!and!B!(NT).!!Estimation!of!soil!moisture!changes!in!field!C!(MT)!was!assumed!to!be!the!same!as!field!B!(NT)!due!to!similarities!in!soil!properties.!!The!same!assumptions!regarding!ET!loss!and!precipitation!reception!on!the!fields!made!for!the!daily!water!balance!calculations.!!Notably,!the!same!crop!was!sown!on!all!three!fields.!!Backpressure!corrections!(Section!5.5)!and!baseflow!removal!(Section!5.4),!allowed!the!total!event!tile!discharge!(QTile!V!mm)!to!be!identified!for!individual!event!water!balance!analysis.!!!Because!the!starting!time!V!within!the!hour!V!was!identified,!soil!moisture!for!the!fields!that!were!outfitted!with!TDR!probes!was!recorded!prior!to!the!inflection!point.!!This!provided!the!basis!for!the!weighted!average!soil!moisture!across!the!soil!profile!above!the!tile!for!each!field,!A!(CT)!&!B!(NT).!!!! During!precipitation!events,!relative!humidity!will!be!close!to,!if!not!at!100%,!which!means!that!ET!will!not!be!occurring.!!However,!for!the!duration!of!an!entire!
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discharge!event,!the!time!period!that!ET!is!not!occurring!during!precipitation!is!often!negligible!(potentially!only!1!–!2hrs).!!As!such,!ET!(mm!dayV1)!begins!after!the!precipitation!event,!and!is!considered!on!daily!time!scales!where!minimal!precipitation!occurs.!To!begin,!the!soil!moisture!content!has!to!be!known!in!order!to!determine!the!volume!of!water!required!to!reach!the!field!capacity.!!Thereafter,!water!is!contributed!to!the!phreatic!zone.!The!calculated!difference!between!soil!moisture!and!field!capacity!prior!to!the!initiation!of!any!event!is!either!met,!or!not!met!by!the!incoming!precipitation.!!Once!incoming!precipitation!volume!was!added!to!the!adjusted!soil!moisture!value,!excess!or!deficit!is!identified.!!!!Changes!in!inputs!and!outputs!are!identified!in!Figure!80!for!the!calculation!of!the!change!in!storage.!EventVbyVevent!change!in!storage!for!field!comparisons!among!all!fields!is!shown!in!Figure!81!for!the!April!2011!to!April!2012!period.!!The!variations!in!responses!and!change!in!storage!can!be!partially!linked!to!the!subjective!removal!of!baseflow!and!hydrograph!corrections!as!field!A!(CT)!was!seen!to!have!largest!amount!of!tile!flow!on!a!regular!basis.!!!!!!!!!!!
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!
Figure!80:!!Event!to!event!water!balance!parameters!;!inputs!and!outputs!
! 251!
Hydrograph!corrections!that!were!applied!based!on!nonVbackpressure!events,!often!had!prolonged!recession!limbs,!resulting!in!skewed!total!event!flow!volumes!as!the!inflection!point!(return!to!baseflow)!would!be!later!on!fields!B!(NT)!and!C!(MT)!than!that!seen!on!field!A!(CT).!!!The!inflection!point!of!the!recession!limb!of!the!synthetic!hydrograph!is!positioned!to!correspond!to!the!recession!limb!boundary!of!the!backpressure!event!hydrograph.!!Analysis!of!the!change!in!storage!capabilities!by!the!end!of!each!event!(Figure!81)!within!each!field!suggest!that!field!A!(CT)!was!capable!of!the!highest!amount!of!storage!over!the!study!period!(total!of!+432mm!compared!to!+393.5mm!(B)!&!+367.2!(C)).!!However,!this!was!not!always!the!case!as!field!B!(NT)!was!calculated!to!retain!a!greater!amount!of!moisture!by!the!end!of!certain!events!(event!#!18,19,26!&!28!–!see!Figure!81).!!These!events!from!field!B!(NT)!were!all!under!dry!(18!&!19)!and!wet!AHC!(26!&!28)!classification!leading!to!limited!consistency!for!analysis.!!Seasonal!patterns!are!also!evident!through!analysis!of!end!of!event!change!in!storage.!!Larger!storage!after!events!occurring!was!calculated!for!spring!(event!!#10,!18,!19!and!41)!and!later!in!fall!(event!#!26,!27,!28).!Winter!months!showed!little!storage!capabilities!throughout!the!study!period!(events!#29V40)!and!corresponded!with!high!Q/P!ratios,!and!predominantly!wet!AHCs!(Chapter!6).!!!
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!!!!!!!!!!!!!!!!!!! !
!!
∆S!(mm)!ΔS!(mm)!
Figure!81:!Event!change!in!storage!identified!at!the!end!time!of!each!event!(mm)V!compared!among!fields!for!the!April!2011!V!2012!period!
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Analysis!of!variance!of!event!change!in!storage!among!the!fields!revealed!that!there!is!no!significant!difference!among!fields!for!the!entire!duration!of!the!study!period!(p=0.84).!!However,!it!should!be!noted!that!field!A!(CT)!on!an!eventVtoVevent!basis!did!generally!demonstrate!a!greater!ability!to!store!precipitation.!! !!!!! !The!results!demonstrate!the!limitations!on!shortVterm!studies,!as!the!variations!among!fields!for!each!storm!event!were!minimal!and!highly!episodic.!!!Results!also!did!not!correlate!to!calculated!change!in!storage!measurements!from!TDR!probes.!!While!field!A!(CT)!demonstrated!the!greatest!change!in!storage!throughout!the!examined!events,!this!was!not!always!the!case!(total!of!+432.2mm!compared!to!+393.5mm!(B)!&!+367.2!mm(C)).!!This!result!is!potentially!related!to!the!surficial!geology!of!the!field!site!because!of!the!larger!volume!and!more!consistent!baseflow!for!field!A!(CT),!and!more!consistent!tile!flow!throughout!all!seasons.!!The!lower!elevation!of!field!A!(Figure!7)!resulted!in!increased!hydraulic!gradients!and!potentially!increased!level!of!groundwater!contributions!to!tile!flow.!!The!lower!elevations,!surficial!geology!and!resulted!increased!hydraulic!gradients!would!therefore!have!an!impact!on!measurements!of!∆S.!!While!an!eventVtoVevent!water!balance!was!conducted!it!should!be!noted!that!the!addition!of!water!by!
Table!34:!ANOVA!of!water!balance!and!storage!capabilities!among!each!field!
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rainfall!or!snowmelt,!and!loss!through!evapotranspiration!between!tile!discharge!events!(Chapter!6)!is!also!of!great!significance!to!the!understanding!of!the!hydrologic!regimes!of!the!individual!tillage!methods!(Figure!81).!!!In!analyzing!the!relationship!between!the!end!of!event!change!in!storage!from!field!A!(CT),!relative!to!field!B!(NT)!and!field!C!(MT)!(Figure!82),!it!is!determined!that!field!A!(CT)!demonstrates!the!greatest!storage!potential.!!While!the!relationships!of!field!B!(NT)!and!field!C!(MT)!are!strongly!correlated!to!field!A!(CT):!r2!0.84;!99%!C.I.,!and,!r2:!0.89;!99%!C.I.,!respectively,!the!data!for!these!fields!fall!below!the!1:1!line,!and!becomes!increasingly!scattered!though!the!events!that!demonstrated!larger!storage!capabilities.!!The!larger!variances!in!change!in!storage!occur!during!the!hydrologically!significant!fall!and!spring!periods!when!no!crops!are!on!the!fields,!are!in!full!senescence,!or!post!harvest.!!This!is!of!particular!significance!because!of!these!seasons!being!related!to!intensive!agrochemical!applications.!!!!!!!!!!! Analysis!of!post!event!change!in!storage!(Figure!81),!and!the!amount!of!evapotranspiration!and!precipitation!between!events!(daily!ETc!from!Chapter!6)!
Figure!82:!!Comparison!of!change!in!storage!(mm)!capabilities!by!event!relative!to!Field!A!(CT)!
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was!conducted!to!determine!the!variations!among!the!fields!and!is!shown!in!Figure!83.!!This!figure!shows!that,!again,!differences!among!tillage!treatments!are!minimal.!!The!periods!of!significant!change!in!storage!between!event!times,!and!including!evapotranspiration!loss!and!incoming!precipitation!occur!during!the!fall!and!winter!months.!!The!times!that!experienced!losses!between!events!occurred!during!spring.!!If!not!taking!into!account!incoming!precipitation,!the!time!periods!where!it!was!determined!that!there!was!a!decrease!in!the!amount!of!storage!that!occurred!(∆S+ET)!saw!eight!events!on!Field!A!&!C,!and!six!events!on!Field!B.!!Field!A!(CT)!demonstrated!the!greatest!amount!of!water!loss!(V109.6mm!∆S+ET)!and!field!C!(NT)!demonstrated!the!least!amount!of!water!loss!of!V91.9mm!∆S+ET).!!Field!B!(MT)!fell!between!the!two!fields!demonstrating!a!water!loss!of!V!97.4mm,!∆S+ET.!!The!addition!of!precipitation!between!events!saw!a!decrease!in!periods!of!water!loss,!and!an!increase!in!periods!of!water!stored!at!each!site!(Figure!83).!During!storage!loss!periods,!field!A!(CT)!again!showed!the!greatest!amount!of!loss!with!V31.5mm!∆S,!field!B!(NT)!with!V16.8mm!∆S!and!field!C!(MT)!with!V12.1mm!∆S.!!Final!change!in!storage!capabilities!saw!field!A!(CT)!with!+229.0m,!field!B!(NT)!+216.1mm!and!field!C!(MT)!with!203.7mm!(Figure!83)!when!including!precipitation!and!evapotranspiration.!!!Water!loss!variance!between!field!sites!has!important!implications!for!determining!the!overall!benefits!of!tillage!systems,!especially!in!cases!where!large!differences!in!amount!of!water!storage!are!not!present.!!The!minimal!differences!in!∆S!among!fields!can!in!part!be!attributed!to!the!fact!that!over!the!period!when!the!most!ET!occurs!from!the!fields,!which!happens!during!peak!growing!season,!crop!
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cover!is!the!same!across!all!fields!and!exposed!soil!is!minimal.!!The!largest!differences!ET!would!occur!during!preVsewing!and!postVharvest!when!the!tillage!treatments!are!exposed.!Although!these!times!of!year,!evaporative!demand!is!substantially!lower!than!peak!growing!season.!!!Under!the!limited!timeframe!analyzed!the!potential!to!store!water!between!events,!it!was!determined!that!there!was!no!significant!difference!among!tillage!treatments,!yet,!generally,!conventional!tillage!(CT,!field!A)!demonstrated!a!greater!ability!to!both!store,!and!lose!water!than!field!B!(NT)!and!field!C!(MT).!!Field!C!(MT)!often!showed!similar!storage!capabilities!to!field!A!(CT)!and!should!be!noted!as!a!viable!tillage!alternative!if!desired.!!The!increased!storage!ability!of!field!A!(CT),!measured!between!events,!may!not!be!ideal!for!the!retention!of!nutrients!in!the!systems,!or!for!maintaining!optimal!water!levels!for!crop!root!growth.!!The!impact!of!increased!moisture!levels!are!explained!further!in!the!hydraulic!analysis!presented!in!chapters!5!and!6,!and!physical!soil!analysis!in!Chapter!3.!!Further,!analysis!is!required!to!account!for!varying!climatic!conditions,!including!close!monitoring!of!crop!conditions,!and!tile!drainage!under!scenarios!of!reduced!water!availability!for!clay!rich!soils!such!as!those!at!McIntosh!farm.!!!!!!!!
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(
Figure!83:!!End!of!event!change!in!storage,!with!ET!between!events!subtracted!and!Precipitation!between!events!added!
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Chapter(9(Conclusions(and(Recommendations(
(
9.1(Conclusions((
( This!project!set!out!to!address!several!gaps!in!knowledge!regarding!the!understanding!of!field!scale!hydrologic!processes!under!various!tillage!methods,!including:!conventional!till;!(CT)!modified!till!(MT);!and!no!till!(NT)!treatments.!Using!a!study!site!that!had!common!soil!type!(Chapter!3),!nutrient!application,!cultivated!crop!(Chapter!2)!and!precipitation!and!evapotranspiration!patterns!(Chapter!4!and!7!respectively),!the!only!variable!among!fields!were!tillage!methods.!!As!the!study!progressed,!several!complications!arose,!which!required!that!the!initial!scope!of!the!project!be!reduced.!!These!complications!were!related!to!unforeseen!issues!regarding!backpressure!within!the!tile!systems!(Chapter!5).!!However,!these!complications!created!the!opportunity!to!consider!alternate!objectives.!!To!this!end,!the!study!addressed!the!inefficiencies!of!4”!tile!drains!in!clay!rich!soils!and!low!sloping!fields!and!the!potential!impacts!on!the!hydrologic!efficiency!among!each!tillage!treatment.!The!findings!suggest!new!information!to!add!to!our!knowledge!of!tillage!practices.!The!variations!among!tillage!method!regarding!hydrologic!properties!are!minimal!(Chapter!5,!6,!7!&!8).!!While!the!CT!system!showed!a!greater!ability!to!retain!water!after!an!analysis!of!twentyQthree!events!in!the!2011!–!2012!season!(April!2011!–!June!2012),!the!variations!among!fields!was!minimal,!likely!attributed!to!the!backpressure!events!causing!a!delayed!reduction!in!flow!as!is!seen!on!the!recession!limb!of!the!hydrographs!following!a!backpressure!event!(Section!5.1).!!
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The!delayed!reduction!in!flow!following!a!backpressure!event!likely!causes!disproportionate!amount!of!flow!measured!within!the!NT!and!MT!tile!systems.!!!! Under!the!CT!management!system!the!tiles!did!experience!more!persistent!flow!than!those!of!the!NT!or!MT!tiles.!!!As!a!result,!differences!among!flow!measurements!were!observed!for!the!baseflow!portion!of!flow,!and!are!noted!in!the!baseflow!separation!method!applied!in!Chapter!5.!!!Owing!to!the!increased!soil!moisture!and!tile!flow!within!the!CT!system,!this!field!experienced!generally!faster!responses!in!time!to!peak!of!hydrograph,!although,!again,!differences!among!fields!was!not!significant.!!This!increased!hydraulic!conductivity!was!likely!attributed!to!increased!moisture!content!in!the!upper!horizons!of!the!NT!and!CT!systems,!and!likely!attributable!to!the!presence!of!organic!matter!at!the!surface!of!the!NT!field.!Previous!studies!have!also!indicated!that!hydraulic!conductivities!among!tillage!methods!in!near!surface!conditions!are!not!seen!to!be!significantly!different!(Fuentes!et!al.,!2004).!!Often!the!greatest!amount!of!flow!in!observed!nonQbackpressure!events!occurred!on!field!A!(CT).!!Despite!the!analysis!being!complicated!by!the!highly!episodic!nature!of!the!events!with!no!patterns!developing!related!to!AHCs!or!seasonality,!similarities!within!the!hydrographs!among!fields!were!observed!and!attributed!to!the!presence!of!macropores!and!preferential!flow!pathways!in!the!system.!!These!similarities!are!consistent!with!the!soil!type!at!the!site!and!related!to!analysis!from!previous!studies!(see!Section!1.3.8).!!!This!finding!is!an!important!consideration!for!determining!changes!in!nutrient!pulses!from!agricultural!tiles!to!fresh!water!systems,!as!continual!flow!within!the!systems!is!indicative!of!a!field!with!
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a!higher!moisture!content!and!greater!connectivity!from!ground!surface!to!depth.!!As!CT!showed!greater!soil!moisture!compared!with!NT!system!at!depth,!the!ability!of!this!management!system!to!retain!critical!nutrients!is!thought!to!be!less!than!that!of!the!MT!or!NT!systems.!Despite!the!presence!of!backpressure!characteristics!occurring!on!65%!of!all!events!during!the!2011!Q2012!study!periods,!those!events!that!did!not!demonstrate!backpressure!characteristics!indicated!that!field!A!(CT)!was!generally!experiencing!the!fastest!response!rates!and!time!to!peak!flow!rate!when!compared!to!the!NT!or!MT!systems.!!Significantly,!the!NT!system!showed!the!least!amount!of!pulse!events!compared!with!CT!or!MT.!!This!finding!can!be!attributed!to!the!upper!vadose!zone!physical!soil!characteristics!that!were!different!across!all!fields.!!The!possibility!of!the!presence!of!an!organic!layer!increasing!infiltration!rates!in!this!upper!layer,!and!physical!soil!characteristics!being!similar!below!the!till!zone!creates!comparable!hydrology!among!fields.!!Over!the!course!of!the!study,!the!CT!system!experienced!a!faster!reduction!in!upper!layer!soil!moisture!!(17cm!and!35cm!depth)!measurements!from!continual!TDR!measurements!in!the!field!(Section!3.7!&!3.8)!when!compared!to!the!NT!system!(22cm!and!32cm!depth).!!This!result!is!consistent!with!literature!that!suggests!the!use!of!conventional!till!allows!for!greater!exposure!to!the!atmosphere,!and!a!more!rapid!penetration!of!the!wetting!front!to!depth.!!This!increased!available!storage!capacity!within!the!upper!layers!allows!for!rapid!infiltration!of!water!from!rain!events!yet!reduced!connectivity!with!lower!layers,!and!as!a!result,!complicates!the!hydrologic!budget!of!the!fields.!!!!!!
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The!very!episodic!nature!of!flow!events!showed!little!correlation!to!antecedent!conditions,!however,!backpressure!events!were!observed!under!wetter!conditions!more!frequently!than!under!dry!antecedent!conditions.!!This!is!critical!for!interpreting!each!field’s!potential!to!drain!under!various!moisture!conditions.!!Provided!basic!data!is!available!to!farmers,!soil!moisture!can!be!used!to!gauge!which!management!practices!can!be!optimized!to!limit!potential!waste,!increase!yields!and!reduce!economic!strains!on!the!farmer.!The!final!water!balance!calculated!among!the!field!sites!demonstrated!that!seasonality!played!a!significant!role!in!determining!greater!storage!both!calculated!at!the!end!of!tile!discharge!events,!and!between!events.!!Differences!among!field!sites!were!again!observed!to!be!minimal!(<10%),!with!field!A!(CT)!generally!demonstrating!a!greater!ability!to!store!water!than!field!B!(NT)!or!field!C!(MT).!!However,!field!A!also!had!the!greatest!amount!of!water!loss!during!decreased!storage!periods!showing!the!potential!vulnerability!of!this!system!to!shifting!meteorological!parameters!compared!to!the!other!tillage!methods!(Chapter!8).!!!!It!is!also!significant!to!note!that!tile!systems;!particularly!4”!tiles!in!clay!rich!soils,!are!not!adequate.!!This!may!have!significant!implications!for!farming!operations!where!soil!types!are!similar!in!southern!Ontario.!!!If!tile!drains!are!not!operating!at!optimum!efficiency,!and!not!acting!to!remove!sufficient!moisture!from!the!root!zone,!farming!operations!are!impeded!and!may!produce!economic!strain!for!farmers.!!!!!
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9.2(Recommendations!!Further!analysis!should!be!carried!out!on!the!amount!of!tile!backpressure!occurring,!and!potential!individual!causes!of!backpressure,!on!fields!in!southern!Ontario,!particularly!in,!but!not!restricted!to,!clay!rich!soils.!!Benefits!of!unwarranted!retention!of!water!in!the!vadose!zone!was!briefly!explored!in!this!thesis,!but!should!be!explored!further!because!it!is!believed!that!similar!scenarios!are!likely!to!occur!throughout!Ontario.!!The!retention!of!water!in!the!vadose!zone!under!low!flow!or!drought!conditions!by!new!technology!in!controlled!tile!drainage!has!been!showed!to!lead!to!an!increase!in!crop!yields!of!3Q4%!(Agriculture!and!AgriQFoods!Canada,!2010).!This!may!be!significant!in!future!years!with!predicted!shifts!in!meteorological!characteristics.!!Providing!affordable!controlled!tile!drainage!options!to!a!greater!deal!of!farmers!who!use!tile!drainage!could!also!provide!enhanced!protection!against!nutrient!loss!to!fresh!water!systems!from!pulse!events!and!should!be!explored!further.!!!As!a!result!of!subQoptimal!drainage!conditions!such!as!those!seen!at!the!McIntosh!site,!complications!with!farm!management!can!arise.!These!include!restricting!farmers!on!field!time,!less!than!ideal!fertilizer!or!manure!application!timing,!and!decreases!in!crop!rooting!zone!depth!with!the!potential!increase!in!soil!moisture!surrounding!the!tiles.!!The!ability!to!identify!potential!areas!of!concern!for!backpressure!conditions!can!be!determined!by!soil!type,!and!slope.!These!areas!may!be!susceptible!to!backpressure!conditions!if!careful!analysis!is!not!conducted!on!fields!where!there!are!questions!of!potential!tile!performance.!!Additionally,!expedited!flow!of!nutrients!to!fresh!water!systems!may!arise!when!conditions!are!of!
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increased!moisture!contents!as!is!occurring!surrounding!the!tiles!on!all!fields!and!management!practices!under!backpressure!conditions!when!tiles!are!present.!!
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